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❚❤✐s ✇♦r❦ ✇♦✉❧❞ ♥♦t ❤❛✈❡ ❜❡❡♥ ♣♦ss✐❜❧❡ ✇✐t❤♦✉t t❤❡ ❣✉✐❞❡ ♦❢ ♠② s✉✲
♣❡r✈✐s♦r ❛♥❞ ❝♦✲s✉♣❡r✈✐s♦r✱ Pr♦❢✳ ❉❛♥✐❡❧❛ ❈❛✈❛❧❝♦❧✐ ❛♥❞ ◆❛❞✐♥❡ ❲✐t❦♦✇s❦✐✱
❛♥❞ t❤❡ ♣r❡❝✐♦✉s ❝♦❧❧❛❜♦r❛t✐♦♥ ♦❢ ❛❧❧ t❤❡ r❡s❡❛r❝❤❡rs✱ ❧❛❜ t❡❝❤♥✐❝✐❛♥s ❛♥❞
❞♦❝t♦r❛❧ st✉❞❡♥ts ✐♥ P❛r✐s ❛♥❞ ❇♦❧♦❣♥❛ ✇❤♦ ❤❛✈❡ ❤❡❧♣❡❞ ♠❡ t♦ ❤❛♥❞❧❡ ♥❡✇
✐♥✈❡st✐❣❛t✐♦♥ t❡❝❤♥✐q✉❡s ❛♥❞ ♦✈❡r❝♦♠❡ ♣r♦❜❧❡♠s ❛♥❞ ❞✐✣❝✉❧t✐❡s ❞✉r✐♥❣ t❤❡
❡①♣❡r✐♠❡♥ts✳
■♥ ♣❛rt✐❝✉❧❛r ■ ✇❛♥t t♦ t❤❛♥❦ ❍❡r✈é ❈r✉❣✉❡❧✱ ❙é❜❛st✐❡♥ ❘♦②❡r✱ ❊r✇❛♥
❉❛♥❞❡✉ ♦❢ t❤❡ ■♥st✐t✉t❡ ♦❢ t❤❡ ◆❛♥♦❙❝✐❡♥❝❡s ♦❢ P❛r✐s✱ ❈❤r✐st♦♣❤❡ ▼ét❤✐✈✐❡r
♦❢ t❤❡ ▲❛❜♦r❛t♦r② ♦❢ ❙✉r❢❛❝❡ ❘❡❛❝t✐✈✐t② ♦❢ ❙♦r❜♦♥♥❡ ❯♥✐✈❡rs✐t②✱ ❙t❡❢❛♥
❙t❛♥❡s❝✉✱ ❙✉❢❛❧ ❙✇❛r❛❥✱ ❆❞r✐❡♥ ❇❡ss♦♥✱ ❇r✐❝❡ ❙❛r♣✐ ❛♥❞ ❘❛❝❤✐❞ ❇❡❧❦❤♦✉ ❢♦r
t❤❡ r❡❧✐❛❜❧❡ ❛♥❞ ❦✐♥❞ s✉♣♣♦rt ♦♥ ❍❊❘▼❊❙ ❜❡❛♠❧✐♥❡✱ ▼❡❤r❛❞ ❆❤♠❛❞♣♦✉r
❛♥❞ Pr♦❢✳ ▼♦rt❡♥ ▼❛❞s❡♥ ♦❢ t❤❡ ❯♥✐✈❡rs✐t② ♦❢ ❙♦✉t❤❡r♥ ❉❡♥♠❛r❦ ❢♦r t❤❡
❡ss❡♥t✐❛❧ ♣❛rt♥❡rs❤✐♣ ✐♥ s❛♠♣❧❡ ❢❛❜r✐❝❛t✐♦♥ ❛♥❞ ♠❡❛s✉r❡♠❡♥ts ❛t ❙❖▲❊■▲
s②♥❝❤r♦tr♦♥ ❛♥❞ ▼❛r✐❛ ❆♥t♦♥✐❡tt❛ ❋❛③✐♦ ❛♥❞ ❚♦❜✐❛s ❈r❛♠❡r ♦❢ t❤❡ P❤②s✐❝s
❛♥❞ ❆str♦♥♦♠② ❉❡♣❛rt♠❡♥t ❛t t❤❡ ❯♥✐✈❡rs✐t② ♦❢ ❇♦❧♦❣♥❛✳
❚❤✐s t❤❡s✐s ❤❛s ❜❡❡♥ ❞❡✈❡❧♦♣❡❞ ✐♥ t❤❡ ❝♦♥t❡①t ♦❢ ❛♥ ❊r❛s♠✉s✰ ❡①❝❤❛♥❣❡
♣r♦❥❡❝t ❛♥❞ ■ ✇♦✉❧❞ ❧✐❦❡ t♦ r❡♠❡♠❜❡r ❛❧❧ t❤❡ ❛❝❛❞❡♠✐❝ ❛♥❞ ❛❞♠✐♥✐str❛t✐✈❡
st❛✛ ✇❤♦ ♠❛❞❡ ✐t ♣♦ss✐❜❧❡ ❛♥❞ ❣❛✈❡ ♠❡ t❤❡ ♦♣♣♦rt✉♥✐t② t♦ ❡♥❧❛r❣❡ ♠② ❤♦r✐✲
③♦♥s ❛♥❞ ❜✉✐❧❞✐♥❣ ♥❡✇ s❦✐❧❧s ✐♥ ❛♥ ✐♥t❡r♥❛t✐♦♥❛❧ ❡♥✈✐r♦♥♠❡♥t✱ ❡s♣❡❝✐❛❧❧② Pr♦❢✳
❊♥r✐❝♦ ❈❛♠♣❛r✐ ❛♥❞ Pr♦❢✳ ▼❛① ▼❛r❛♥❣♦❧♦✱ ❝♦♦r❞✐♥❛t♦rs ♦❢ ❇♦❧♦❣♥❛✲P❛r✐s
r❡❧❛t✐♦♥s❤✐♣s✳
▼② ❣r❛t✐t✉❞❡ ✐s ❛❧s♦ ❛❞❞r❡ss❡❞ t♦ ❛❧❧ t❤❡ ♣❡♦♣❧❡ ✇❤♦ ✇❡❧❝♦♠❡❞ ❛♥❞ s✉♣✲
♣♦rt❡❞ ♠❡ ❞✉r✐♥❣ ♠② st❛② ✐♥ P❛r✐s✱ ❡s♣❡❝✐❛❧❧② t❤❡ ♥✉♥s ♦❢ t❤❡ ❋♦②❡r ❞❡ ❧❛
❏❡✉♥❡ ❋✐❧❧❡✳
❋✐♥❛❧❧②✱ ❛ s♣❡❝✐❛❧ t❤❛♥❦ t♦ ♠② ❢❛♠✐❧② ❛♥❞ ❢r✐❡♥❞s ❜❡❝❛✉s❡ t❤❡② ❤❛✈❡ ❛❧✇❛②s
tr✉st❡❞ ✐♥ ♠❡ ❞✉r✐♥❣ ❛❧❧ ♠② st✉❞② ❝❛r❡❡r ❛♥❞ ❤❛✈❡ r❡♠❡♠❜❡r❡❞ ♠❡ ♠②
❝❛♣❛❜✐❧✐t✐❡s ❡✈❡♥ ✇❤❡♥ ❞✐✣❝✉❧t✐❡s ♠❛❞❡ ✐t t♦✉❣❤ t♦ ❝♦♥t✐♥✉❡ ✇♦r❦✐♥❣ ✇✐t❤
♣❛ss✐♦♥✳
✈✐✐
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❇✐❜❧✐♦❣r❛♣❤② ✼✸
❆ P❡❛❦ ❋♦r❝❡ ❛♥❞ ❙✉r❢❛❝❡ P♦t❡♥t✐❛❧ ❑P❋▼ ❚❛♣♣✐♥❣ ♠♦❞❡ ❛♥❞ P♦t❡♥t✐❛❧
❖✛s❡t ✐♥ s✉r❢❛❝❡ ✇♦r❦ ❢✉♥❝t✐♦♥ ♠❡❛s✉r❡♠❡♥ts ✼✺
❇ ❇♦✉♥❞❛r② ❡✛❡❝ts ❛♥❞ ❛❞❤❡s✐♦♥ ♣r♦♣❡rt✐❡s ✐♥ ❑P❋▼ ♠❛♣s ✼✾
■♥tr♦❞✉❝t✐♦♥
❘❡❝❡♥t ②❡❛rs ❤❛✈❡ s❡❡♥ ❛ ❣r♦✇✐♥❣ ❞❡✈❡❧♦♣♠❡♥t ♦❢ ❚r❛♥s✐t✐♦♥ ▼❡t❛❧ ❖①✐❞❡ ✉s❡ ✐♥ ♣❤♦✲
t♦❡❧❡❝tr♦♥✐❝ t❡❝❤♥♦❧♦❣② ❞✉❡ t♦ ❛♥ ❛❞❛♣t❛❜❧❡ ❡♥❡r❣② ❜❛♥❞ str✉❝t✉r❡✱ s✉✐t❛❜❧❡ ❢♦r ❝♦✉♣❧✐♥❣
✇✐t❤ ♦t❤❡r ♠❛t❡r✐❛❧s ✐♥ ♠✉❧t✐✲❧❛②❡r❡❞ ❞❡✈✐❝❡ str✉❝t✉r❡s✳
■♥ ♣❛rt✐❝✉❧❛r✱ t❤✐s t❤❡s✐s ✐s ❢♦❝✉s❡❞ ♦♥ t❤❡ ❛♣♣❧✐❝❛t✐♦♥ ♦❢ t❤❡s❡ ❝♦♠♣♦✉♥❞s ✐♥ ♦r❣❛♥✐❝
❛♥❞ ❤②❜r✐❞ ♣❤♦t♦✈♦❧t❛✐❝ ❝❡❧❧s✱ ✐♥ ✇❤✐❝❤ t❤❡② ❛r❡ ✉s❡❞ ❛s ❜✉✛❡r ❧❛②❡rs ✐♥ ♦r❞❡r t♦ ❛ss✐st ❤♦❧❡
♦r ❡❧❡❝tr♦♥ tr❛♥s♣♦rt ❛♥❞ ❡①tr❛❝t✐♦♥✳ ❚❤❡ ✇✐❞❡ ✈❛r✐❡t② ♦❢ t❤❡✐r ❡❧❡❝tr♦♥✐❝ ♣r♦♣❡rt✐❡s✱ s✉❝❤
❛s ❲♦r❦ ❋✉♥❝t✐♦♥✱ ♠❛❦❡ ✐t ♣♦ss✐❜❧❡ t♦ ❝❤♦♦s❡ ♣r♦♣❡r ❝❛♥❞✐❞❛t❡ ♠❛t❡r✐❛❧s ❢♦r ❞✐✛❡r❡♥t
♦r❣❛♥✐❝ s❡♠✐❝♦♥❞✉❝t♦rs ❡♠♣❧♦②❡❞ ❛s ❛❝t✐✈❡ ❧❛②❡rs ✐♥ s♦❧❛r ❝❡❧❧s✳
❊✈❡♥ t❤♦✉❣❤ ❛ ✇❡❧❧✲❡st❛❜❧✐s❤❡❞ t❤❡♦r❡t✐❝ ❦♥♦✇❧❡❞❣❡ ♦❢ ❚r❛♥s✐t✐♦♥ ▼❡t❛❧ ❖①✐❞❡ ❝r②s✲
t❛❧❧✐♥❡ ❛♥❞ ❡❧❡❝tr♦♥✐❝ str✉❝t✉r❡ ✐s ❛✈❛✐❧❛❜❧❡[✶][✷] ❛♥❞ s♦♠❡ s♣❡❝✐✜❝ ❝♦♠♣♦✉♥❞s ✲ ❛s ❚✐t❛✲
♥✐✉♠ ❖①✐❞❡ ❚✐❖2 [✸][✹] ✲ ❤❛✈❡ ❜❡❡♥ t❤♦r♦✉❣❤❧② ❛♥❛❧②③❡❞ ❜② s❡✈❡r❛❧ ❡①♣❡r✐♠❡♥t❛❧ ♠❡t❤♦❞s✱
❛ ❧❛❝❦ ♦❢ ❞❛t❛ ✐s st✐❧❧ ♣r❡s❡♥t ✐♥ t❤❡ ❝❛s❡ ♦❢ ♦t❤❡r ♦♥❡s ✲ ❧✐❦❡ ▼♦❧②❜❞❡♥✉♠ ❖①✐❞❡ ▼♦❖3✱
✐♥✈❡st✐❣❛t❡❞ ❜② ❛ ❧✐♠✐t❡❞ ♥✉♠❜❡r ♦❢ st✉❞✐❡s[✺][✻]✳
❚❤❡ ❛✐♠ ♦❢ t❤✐s ✇♦r❦ ✐s ❛ ❞❡❡♣❡r ❝♦♠♣r❡❤❡♥s✐♦♥ ♦❢ ❝❤❛r❣❡ tr❛♥s♣♦rt ❝❤❛r❛❝t❡r✐st✐❝s
♦❢ ❚✐t❛♥✐✉♠ ❛♥❞ ▼♦❧②❜❞❡♥✉♠ ❖①✐❞❡s✱ ❜② ♠❡❛♥s ♦❢ ❞✐✛❡r❡♥t ♠❡❛s✉r❡♠❡♥t t❡❝❤♥✐q✉❡s✱
✐♥ ♦r❞❡r t♦ r❡❧❛t❡ ❤♦❧❡ ❛♥❞ ❡❧❡❝tr♦♥ ❝♦♥❞✉❝t✐♦♥ t♦ s❛♠♣❧❡ ♠♦r♣❤♦❧♦❣② ❛♥❞ t♦ ✉♥❞❡rst❛♥❞
❤♦✇ s②♥t❤❡s✐s ♣r♦❝❡❞✉r❡s ❛♥❞ ♣♦st✲❣r♦✇t❤ tr❡❛t♠❡♥ts ❝❛♥ ❡♥❤❛♥❝❡ t❤❡✐r ♣❡r❢♦r♠❛♥❝❡s
❛s ❜✉✛❡r ❧❛②❡rs✳
❆❢t❡r ❈❤❛♣t❡r ✶✱ ✇❤✐❝❤ ❣❡♥❡r❛❧❧② ✐❧❧✉str❛t❡s ♣❤②s✐❝s ❛♥❞ ❝❤❡♠✐str② ♦❢ ❚r❛♥s✐t✐♦♥ ▼❡t❛❧
❖①✐❞❡s ❛s ✇❡❧❧ ❛s t❤❡✐r ✉s❡ ❢♦r ❝❤❛r❣❡ ❡①tr❛❝t✐♦♥ ✐♥ s♦❧❛r ❝❡❧❧s✱ ❛♥❞ ❈❤❛♣t❡r ✷✱ ♣r❡s❡♥t✐♥❣
t❤❡♦r❡t✐❝ ❜❛❝❦❣r♦✉♥❞ ❛♥❞ ♣r❡✈✐♦✉s ❡①♣❡r✐♠❡♥t❛❧ r❡s✉❧ts ♦♥ t❤❡♠✱ ❈❤❛♣t❡r ✸ ♣r♦✈✐❞❡s ❛♥
❡①♣❧❛♥❛t✐♦♥ ♦❢ t❤❡ ❞❡♣♦s✐t✐♦♥ t❡❝❤♥✐q✉❡s t❤❡ ❝♦♥s✐❞❡r❡❞ s❛♠♣❧❡s ✇❡r❡ s②♥t❤❡s✐③❡❞ ❜②✳
❙✉❜s❡q✉❡♥t❧②✱ ❈❤❛♣t❡r ✹ ✐♥tr♦❞✉❝❡s t❤❡ ❡❧❡❝tr♦♥✐❝✱ ❝❤❡♠✐❝❛❧ ❛♥❞ str✉❝t✉r❛❧ ❝❤❛r❛❝✲
t❡r✐③❛t✐♦♥ ♠❡t❤♦❞s ❜② ♠❡❛♥s ♦❢ ✇❤✐❝❤ t❤❡ r❡s❡❛r❝❤ ✇❛s ❝❛rr✐❡❞ ♦✉t✳
❚❤❡ ❢✉❧❧ s❡t ♦❢ ❡①♣❡r✐♠❡♥t❛❧ r❡s✉❧ts ♦♥ ▼♦❧②❜❞❡♥✉♠ ❛♥❞ ❚✐t❛♥✐✉♠ ❖①✐❞❡s ❛r❡ s❡♣❛✲
r❛t❡❧② ❞✐s♣❧❛②❡❞ ❛♥❞ ❛♥❛❧②③❡❞ ✐♥ ❈❤❛♣t❡r ✺✱ ✇✐t❤ ❛ ❢✉rt❤❡r ❝❧❛ss✐✜❝❛t✐♦♥ ❜② ❡①♣❡r✐♠❡♥t❛❧
t❡❝❤♥✐q✉❡✳
❋✐♥❛❧❧②✱ ❈❤❛♣t❡r ✻ ♦✛❡rs ❛ ❣❡♥❡r❛❧ ❝♦♥❝❧✉s✐♦♥ ❛♥❞ s✉❣❣❡sts ❢✉t✉r❡ ❞❡✈❡❧♦♣♠❡♥t ❞✐r❡❝✲
t✐♦♥s ❢♦r t❤❡ t♦♣✐❝✳
❚❤❡ ✇♦r❦ ✐s ❝♦♠♣❧❡t❡❞ ❜② ❛❞❞✐t✐♦♥❛❧ ❞❡t❛✐❧s ♦♥ ❑❡❧✈✐♥ Pr♦❜❡s ❋♦r❝❡ ▼✐❝r♦s❝♦♣②
❡①♣❡r✐♠❡♥ts✿ ❆♣♣❡♥❞✐① ❆ ❝♦♠♣❛r❡s ✈❛r✐♦✉s ♦♣❡r❛t✐♦♥ ♠♦❞❡s✱ ✇❤❡r❡❛s ❆♣♣❡♥❞✐① ❇ ✐s ❛♥
✐♥s✐❣❤t ✐♥t♦ ❜♦✉♥❞❛r② ❡✛❡❝ts ❛♥❞ ❛❞❤❡s✐♦♥ ♠❡❛s✉r❡♠❡♥ts✳
①✐
①✐✐
❈❤❛♣t❡r ✶
P❤②s✐❝s ❛♥❞ ❛♣♣❧✐❝❛t✐♦♥s ♦❢ ❚r❛♥s✐t✐♦♥
▼❡t❛❧ ❖①✐❞❡s
✶✳✶ ❊♥❡r❣② ▲❡✈❡❧ ❆❧✐❣♥♠❡♥t ✐♥ ♦r❣❛♥✐❝ ❡❧❡❝tr♦♥✐❝ ❞❡✲
✈✐❝❡s
❆ r❡❛❧❧② ♣r♦♠✐s✐♥❣ ❛♥❞ ❢❛st ❞❡✈❡❧♦♣✐♥❣ r❡s❡❛r❝❤ ✜❡❧❞ ✐♥ ❝♦♥❞❡♥s❡❞ ♠❛tt❡r P❤②s✐❝s
✐s t❤❡ t❤❡♦r❡t✐❝❛❧ st✉❞② ❛♥❞ r❡❛❧✐③❛t✐♦♥ ♦❢ ♦r❣❛♥✐❝ ❡❧❡❝tr♦♥✐❝ ❞❡✈✐❝❡s✱ s✉❝❤ ❛s ♦r❣❛♥✐❝
❧✐❣❤t✲❡♠✐tt✐♥❣ ❞✐♦❞❡s ✭❖▲❊❉s✮✱ ♦r❣❛♥✐❝ ♣❤♦t♦✈♦❧t❛✐❝ ❝❡❧❧s ✭❖P❱s✮ ❛♥❞ ♦r❣❛♥✐❝ ✜❡❧❞✲❡✛❡❝t
tr❛♥s✐st♦rs ✭❖❋❊❚s✮✳ ■♠♣r♦✈✐♥❣ t❤❡ ♣❡r❢♦r♠❛♥❝❡s ♦❢ t❤❡s❡ t❡❝❤♥♦❧♦❣✐❡s ✐s t❤❡ ♣r❡s❡♥t
❝❤❛❧❧❡♥❣❡ t❤❛t ♠❛♥② s❝✐❡♥t✐sts ❛r❡ tr②✐♥❣ t♦ ♦✈❡r❝♦♠❡✳ ■♥ ♣❛rt✐❝✉❧❛r✱ ♦♥❡ ♦❢ t❤❡ ♠❛✐♥
❢❡❛t✉r❡s ♦❢ ♦r❣❛♥✐❝ ❡❧❡❝tr♦♥✐❝ ❞❡✈✐❝❡s ✐s t❤❡ ♠✉❧t✐✲❧❛②❡r❡❞ str✉❝t✉r❡ ✇✐t❤ ❛ s✉❝❝❡ss✐♦♥ ♦❢
s❡✈❡r❛❧ ✐♥t❡r❢❛❝❡s✱ ✇❤✐❝❤ ❞❡t❡r♠✐♥❡s t❤❡ ❝r❡❛t✐♦♥ ♦❢ ❛s ♠❛♥② ❡♥❡r❣② ❜❛rr✐❡rs✳ ❚❤❡ ❛❜✐❧✐t②
t♦ r❡❞✉❝❡ t❤❡♠ ✐♥ ♦r❞❡r t♦ ❛❧❧♦✇ ❝❤❛r❣❡ ❝❛rr✐❡rs t♦ ✢♦✇ ❡❛s✐❧② ✐♥ t❤❡ ❞❡✈✐❝❡ ✐s ❝r✉❝✐❛❧ t♦
❛❝❤✐❡✈❡ ❛ ❤✐❣❤ ♣❡r❢♦r♠❛♥❝❡ t❡❝❤♥♦❧♦❣② ✐♥ t❤✐s ✜❡❧❞✳
❚❤✐s t❤❡s✐s ❡s♣❡❝✐❛❧❧② ❢♦❝✉s❡s ♦♥ ♠♦❧②❜❞❡♥✉♠ ❛♥❞ t✐t❛♥✐✉♠ ♦①✐❞❡s ❢♦r ♦r❣❛♥✐❝ ♣❤♦✲
t♦✈♦❧t❛✐❝ ❛♣♣❧✐❝❛t✐♦♥s✳ ❚❤❡s❡ ♠❛t❡r✐❛❧s✱ ♣r♦✈✐♥❣ s✉✐t❛❜❧❡ ❢♦r ❝❤❛r❣❡✲❡①tr❛❝t✐♥❣ ❧❛②❡rs ✐♥
❖P❱s✱ ❜❡❧♦♥❣ t♦ ❛ ✇✐❞❡r ❝❧❛ss ♦❢ ❝♦♠♣♦✉♥❞s✱ ❝❛❧❧❡❞ ❚r❛♥s✐t✐♦♥ ▼❡t❛❧ ❖①✐❞❡s ✭❚▼❖s✮✱
s♣❛♥♥✐♥❣ ❛ ❜r♦❛❞ r❛♥❣❡ ♦❢ ✇♦r❦ ❢✉♥❝t✐♦♥s ✭❲❋✮ ❛♥❞ ♦t❤❡r ❝r✉❝✐❛❧ ♣❤②s✐❝❛❧ ♣r♦♣❡rt✐❡s ❢♦r
❛tt❛✐♥✐♥❣ ❛ ❧♦✇ ♣♦✇❡r ❝♦♥s✉♠♣t✐♦♥ ✐♥ ✐♥t❡r❢❛❝❡ ❜❛rr✐❡rs✳
■♥ ❢❛❝t✱ ❡❧❡❝tr✐❝❛❧ r❡s✐st❛♥❝❡ ❛t ✐♥t❡r❢❛❝❡s ❞❡♣❡♥❞s ♦♥ ❡♥❡r❣② ❧❡✈❡❧ ❛❧✐❣♥♠❡♥t ✭❊▲❆✮ ❛t
t❤❡ ❝♦♥t❛❝t ❜❡t✇❡❡♥ t❤❡ t✇♦ ❝♦♠♣♦✉♥❞s✱ t②♣✐❝❛❧❧② ❛ ❝♦♥❞✉❝t✐✈❡ ❡❧❡❝tr♦❞❡ ❛♥❞ ❛♥ ♦r❣❛♥✐❝
s❡♠✐❝♦♥❞✉❝t♦r✳ ❲❡ ❝❛♥ r❡❢❡r t♦ t❤❡ ❋❡r♠✐ ❧❡✈❡❧ ♦❢ t❤❡ ❢♦r♠❡r ❜♦t❤ ❛s ❞♦♥♦r ❛♥❞ ❛s
❛❝❝❡♣t♦r ❧❡✈❡❧✱ ✇❤❡r❡❛s ✐♥ t❤❡ ❧❛tt❡r ✇❡ s❤♦✉❧❞ ❞✐st✐♥❣✉✐s❤ ❜❡t✇❡❡♥ t❤❡ ❤✐❣❤❡st ♦❝❝✉♣✐❡❞
♠♦❧❡❝✉❧❛r ♦r❜✐t❛❧ ✭❍❖▼❖✮✱ ✇❤✐❝❤ ♣❧❛②s t❤❡ r♦❧❡ ♦❢ ❞♦♥♦r✱ ❛♥❞ t❤❡ ❧♦✇❡st ✉♥♦❝❝✉♣✐❡❞
♠♦❧❡❝✉❧❛r ♦r❜✐t❛❧ ✭▲❯▼❖✮✱ ✇❤✐❝❤ ✐♥st❡❛❞ ❝♦♥st✐t✉t❡s t❤❡ ❛❝❝❡♣t♦r ❧❡✈❡❧✳
■♥ ❛♥ ❖P❱ s✐♠♣❧❡ ❝♦♥✜❣✉r❛t✐♦♥ t❤❡r❡ ✐s ♦♥❧② ❛♥ ❛❝t✐✈❡ ♦r❣❛♥✐❝ s❡♠✐❝♦♥❞✉❝t♦r ❥✉♥❝✲
t✐♦♥✱ ✇❤❡r❡ ❝❤❛r❣❡ ❝❛rr✐❡rs ❛r❡ ♣r♦❞✉❝❡❞✱ ❝♦♥t❛❝t❡❞ ♦♥ ❜♦t❤ s✐❞❡s ❜② t✇♦ ♠❡t❛❧❧✐❝ ❡❧❡❝✲
tr♦❞❡s✱ t❤❡ ❤♦❧❡✲❝♦❧❧❡❝t✐♥❣ ❛♥❞ t❤❡ ❡❧❡❝tr♦♥✲❝♦❧❧❡❝t✐♥❣ ♦♥❡s✱ ❡①tr❛❝t✐♥❣ ❝❤❛r❣❡s ❢r♦♠ ❍❖▼❖
❞♦♥♦r ❛♥❞ ▲❯▼❖ ❛❝❝❡♣t♦r st❛t❡s r❡s♣❡❝t✐✈❡❧②✱ ❛s s❤♦✇♥ ✐♥ ✜❣✉r❡ ✶✳✶✳ ■♥ t❤❡ r❡❣✐♠❡ ♦❢
♥♦♥r❡❛❝t✐✈❡ ♦r ✇❡❛❦❧② r❡❛❝t✐✈❡ ✐♥t❡r❢❛❝❡s[✶]✱ ✇❤❡♥ ♥♦ ❤②❜r✐❞✐③❛t✐♦♥ ❜❡t✇❡❡♥ ❡❧❡❝tr♦❞❡ ❛♥❞
♦r❣❛♥✐❝ ♦r❜✐t❛❧s ✐s ♣r❡s❡♥t✱ ❡♥❡r❣② ❛❧✐❣♥♠❡♥t ♦♥❧② ❞❡♣❡♥❞s ♦♥ ❡❧❡❝tr♦❞❡ ✇♦r❦ ❢✉♥❝t✐♦♥
❛♥❞ s❡♠✐❝♦♥❞✉❝t♦r ❍❖▼❖ ❛♥❞ ▲❯▼❖ ❧❡✈❡❧s✿ ❛s ✈✐s✐❜❧❡ ✐♥ ✜❣✉r❡ ✶✳✷✱ ✐♥ ❛ s♣❡❝✐✜❝ ❲❋
r❛♥❣❡ t❤❡r❡ ✐s ❛ ❧✐♥❡❛r ♣r♦♣♦rt✐♦♥❛❧✐t② ❜❡t✇❡❡♥ t❤❡ ✇♦r❦ ❢✉♥❝t✐♦♥s ♦❢ ❡❧❡❝tr♦❞❡s ❛♥❞ t❤❡
❡♥❡r❣② ❜❛rr✐❡r ❝❛rr✐❡rs s❤♦✉❧❞ ♦✈❡r❝♦♠❡✱ s♦ t❤❛t t❤✐s r❡❣✐♠❡ ✐s ❝❛❧❧❡❞ ♦❢ ✈❛❝✉✉♠✲❧❡✈❡❧
✶
✷
❋✐❣✉r❡ ✶✳✶✿ ❊♥❡r❣② ❜❛♥❞ s❝❤❡♠❡ ❢♦r ❛♥
❖P❱ ❞❡✈✐❝❡✿ t❤❡ ❛❝t✐✈❡ ❧❛②❡rs✱ ✇✐t❤ ❛
p✲n ❥✉♥❝t✐♦♥ ✭❛❝❝❡♣t♦r ❛♥❞ ❞♦♥♦r s❡♠✐✲
❝♦♥❞✉❝t♦rs✮✱ ✐♥ ❝♦♥t❛❝t ✇✐t❤ t✇♦ ♠❡t❛❧❧✐❝
❡❧❡❝tr♦❞❡s ✭❝❛t❤♦❞❡ ❛♥❞ ❛♥♦❞❡✮✳ ❚❤❡ ❛r✲
r♦✇s r❡♣r❡s❡♥t t❤❡ ❝❤❛r❣❡ ✢♦✇✱ r❡s♣❡❝t✐✈❡❧②
❢r♦♠ t❤❡ ❛❝❝❡♣t♦r ▲❯▼❖ ❧❡✈❡❧ t♦ t❤❡ ❝❛t❤✲
♦❞❡ ❋❡r♠✐ ❡♥❡r❣② ❊F ❛♥❞ ❢r♦♠ t❤❡ ❞♦♥♦r
❍❖▼❖ ❧❡✈❡❧ t♦ t❤❡ ❛♥♦❞❡ ❊F ❢♦r ❡❧❡❝tr♦♥s
❛♥❞ ❤♦❧❡s✳ ❊❧❡❝tr♦❞❡ ✇♦r❦ ❢✉♥❝t✐♦♥s ❛r❡
❞❡✜♥❡❞ ❛s t❤❡ ❡♥❡r❣② ❞✐✛❡r❡♥❝❡s ❜❡t✇❡❡♥
♠❡t❛❧❧✐❝ ❊F ❛♥❞ ✈❛❝✉✉♠ ❧❡✈❡❧ ❊V ✭❛❢t❡r
❬✶❪✮✳
❋✐❣✉r❡ ✶✳✷✿ ✭❛✮ ❊♥❡r❣② ❜❛♥❞ s❝❤❡♠❡ ❢♦r ❛♥ ♦r❣❛♥✐❝ ❙❈✴♠❡t❛❧❧✐❝ ❡❧❡❝tr♦❞❡ ✐♥t❡r❢❛❝❡✱
✇✐t❤ ✐♥❞✐❝❛t✐♦♥s ♦❢ ❍❖▼❖✱ ▲❯▼❖✱ ✐♦♥✐③❛t✐♦♥ ❡♥❡r❣② ✭■❊✮ ❛♥❞ ❡❧❡❝tr♦♥ ❛✣♥✐t② ✭❊❆✮
♦❢ ♦r❣❛♥✐❝ s✐❞❡❀ ❋❡r♠✐ ❧❡✈❡❧ ✭❊F ✮ ❛♥❞ ✇♦r❦ ❢✉♥❝t✐♦♥ ✭Φ✮ ♦❢ t❤❡ ♠❡t❛❧❧✐❝ ♦♥❡❀ ✈❛❝✉✉♠
❧❡✈❡❧ ✭❊V ✮✱ ❤♦❧❡✲ ❛♥❞ ❡❧❡❝tr♦♥✲✐♥❥❡❝t✐♦♥ ❜❛rr✐❡rs ✭∆❤ ❛♥❞ ∆❡✮ ♦❢ t❤❡ s②st❡♠✳ ✭❜✮ ●r❛♣❤
♦❢ t❤❡ r❡❧❛t✐♦♥ ❜❡t✇❡❡♥ ❡❧❡❝tr♦❞❡ ✇♦r❦ ❢✉♥❝t✐♦♥ Φ ❛♥❞ ❤♦❧❡✲✴❡❧❡❝tr♦♥✲✐♥❥❡❝t✐♦♥ ❜❛rr✐❡r✳
■♥ t❤❡ ❝❡♥tr❛❧ r❡❣✐♦♥ ♦❢ ✈❛❝✉✉♠✲❧❡✈❡❧ ❛❧✐❣♥♠❡♥t t❤❡ ❡♥❡r❣② ♥❡❡❞❡❞ ❜② ❤♦❧❡s ✭❡❧❡❝tr♦♥s✮
t♦ ♦✈❡r❝♦♠❡ ♣♦t❡♥t✐❛❧ ❜❛rr✐❡r ❛t t❤❡ ✐♥t❡r❢❛❝❡ ❧✐♥❡❛r❧② ❞❡❝r❡❛s❡s ✭✐♥❝r❡❛s❡s✮ ❛s Φ ❣r♦✇s✳
❲❤❡♥ ❡❧❡❝tr♦❞❡ ✇♦r❦ ❢✉♥❝t✐♦♥ ❣❡ts ❤✐❣❤❡r ✭❧♦✇❡r✮ t❤❛♥ ❋❡r♠✐ ❧❡✈❡❧ ♣✐♥♥✐♥❣ t❤r❡s❤♦❧❞✱
❊F ♦❢ t❤❡ s②st❡♠ ❡q✉❛❧s ❙❈ ✐♦♥✐③❛t✐♦♥ ❡♥❡r❣② ✭❡❧❡❝tr♦♥ ❛✣♥✐t②✮ ❛♥❞ ❝❤❛r❣❡✲✐♥❥❡❝t✐♦♥
❜❛rr✐❡rs ❜❡❝♦♠❡ ❝♦♥st❛♥t ✭❢r♦♠ ❬✶❪✮✳
❈❤❛♣t❡r ✶✳ P❤②s✐❝s ❛♥❞ ❛♣♣❧✐❝❛t✐♦♥s ♦❢ ❚r❛♥s✐t✐♦♥ ▼❡t❛❧ ❖①✐❞❡s ✸
❛❧✐❣♥♠❡♥t [✶] ✲ ❡✈❡♥ ✐❢ r❡s♣❡❝t✐✈❡ ✈❛❝✉✉♠ ❧❡✈❡❧s ❛r❡ ♥♦t ❛❧✇❛②s t♦t❛❧❧② ❛❧✐❣♥❡❞✳
■♥ t❤✐s ❝♦♥t❡①t✱ ✇❤❡♥ ❡❧❡❝tr♦❞❡ ✇♦r❦ ❢✉♥❝t✐♦♥ ✐s ❤✐❣❤❡r ✭❧♦✇❡r✮ t❤❛♥ ❛ s♣❡❝✐✜❝ t❤r❡s❤✲
♦❧❞✱ ❍❖▼❖ ✭▲❯▼❖✮ ❧❡✈❡❧ ♦❢ t❤❡ ♦r❣❛♥✐❝ ♠♦❧❡❝✉❧❡s ❦❡❡♣s ❜❡✐♥❣ ❛❧✐❣♥❡❞ ✇✐t❤ ♠❡t❛❧❧✐❝
❊F ✱ r❡❣❛r❞❧❡ss ♦❢ ❛♥② ❢✉rt❤❡r ✐♥❝r❡❛s❡ ✭❞❡❝r❡❛s❡✮ ♦❢ ❡❧❡❝tr♦❞❡ ✇♦r❦ ❢✉♥❝t✐♦♥✿ t❤✐s ♣❤❡✲
♥♦♠❡♥♦♥ ✐s t❤❡ s♦✲❝❛❧❧❡❞ ❋❡r♠✐ ❧❡✈❡❧ ♣✐♥♥✐♥❣✱ ✐❧❧✉str❛t❡❞ ✐♥ t❤❡ ❝♦♥st❛♥t r❡❣✐♠❡ ✐♥ ✜❣✉r❡
✶✳✷❜✳ ❈❛✉s❡s ♦❢ t❤✐s ❢❛❝t s❤♦✉❧❞ ❜❡ tr❛❝❡❞ ❜❛❝❦ t♦ t❤❡ ❜❛❧❛♥❝❡ ❜❡t✇❡❡♥ ✐♥t❡r❢❛❝❡ ❡❧❡❝✲
tr✐❝ ♣♦t❡♥t✐❛❧ ✲ ❞✉❡ t♦ ♠♦❧❡❝✉❧❛r ✐♦♥✐③❛t✐♦♥ ❛♥❞ ❝❛♣❛❝✐t✐✈❡ ❡✛❡❝ts ✲ ❛♥❞ ❝♦♥t❛❝t s✉r❢❛❝❡
♣♦t❡♥t✐❛❧ ✲ ❣♦✈❡r♥❡❞ ❜② ✇♦r❦ ❢✉♥❝t✐♦♥ ✲ r❡❛❝❤❡❞ ♦✈❡r ✭✉♥❞❡r✮ t❤❡ ♣✐♥♥✐♥❣ t❤r❡s❤♦❧❞✳
■♥ ♦r❞❡r t♦ ♠✐♥✐♠✐③❡ t❤❡ ✐♥t❡r❢❛❝❡ r❡s✐st❛♥❝❡ ❛♥❞ t❤❡ ❞❡✈✐❝❡ ❞r✐✈✐♥❣ ✈♦❧t❛❣❡✱ t❤❡ ❛♥✲
♦❞❡ ❛♥❞ ❝❛t❤♦❞❡ ❡♥❡r❣② ❧❡✈❡❧s s❤♦✉❧❞ ❜❡ ❛s ❛❧✐❣♥❡❞ ❛s ♣♦ss✐❜❧❡ ✇✐t❤ ❍❖▼❖ ❛♥❞ ▲❯▼❖✱
r❡s♣❡❝t✐✈❡❧②✳ ▼❛♥② t❡❝❤♥♦❧♦❣✐❡s ❛♥❞ ♠❡t❤♦❞s s✉❝❤ ❛s ❡❧❡❝tr♦❞❡ s✉r❢❛❝❡ tr❡❛t♠❡♥ts ❤❛✈❡
❜❡❡♥ ❜❡✐♥❣ ❞❡✈❡❧♦♣❡❞ t♦ ❛❝❤✐❡✈❡ t❤✐s ❣♦❛❧✿ t❤✐s ✐s t❤❡ r❡❛s♦♥ ✇❤② t❤✐s t❤❡s✐s ❢♦❝✉s❡s ✐ts ❛t✲
t❡♥t✐♦♥ ♦♥ t❤❡ ❡✛❡❝ts ♦❢ ✐♥tr♦❞✉❝✐♥❣ ❛ t❤✐♥ ❚▼❖ ❜✉✛❡r ❧❛②❡r ❜❡t✇❡❡♥ t❤❡ s❡♠✐❝♦♥❞✉❝t♦r
❛♥❞ t❤❡ ❡❧❡❝tr♦❞❡✳
✶✳✷ ❚r❛♥s✐t✐♦♥ ▼❡t❛❧ ❖①✐❞❡ ♣❤②s✐❝❛❧ ❛♥❞ ❝❤❡♠✐❝❛❧ ❢❡❛✲
t✉r❡s
❙✐♥❝❡ ❚▼❖s ❝♦✈❡r ❛ ❣r❡❛t ❡①t❡♥t ✐♥ ✇♦r❦ ❢✉♥❝t✐♦♥ s❝❛❧❡ ✭s❡❡ ✜❣✉r❡ ✶✳✸✮✱ t❤❡✐r ❛♣♣r♦✲
♣r✐❛t❡ ✉s❡ ❝❛♥ t❛✐❧♦r ✐♥t❡r❢❛❝❡ ❡♥❡r❣② ❧❡✈❡❧s ❛❝❝♦r❞✐♥❣ t♦ ❞✐✛❡r❡♥t ❦✐♥❞s ♦❢ s❡♠✐❝♦♥❞✉❝t♦r✳
❆♠♦♥❣ ❝♦♠♣♦✉♥❞s s✉❝❤ ❛s ❞❡❢❡❝t✐✈❡ ❩r❖2 ✭❲❋ ❂ ✸✳✺ ❡❱✮ ❛♥❞ ❱2❖5 ✭❲❋ ❂ ✼✳✵ ❡❱✮[✶]✱
♠♦❧②❜❞❡♥✉♠ ♦①✐❞❡s ✇✐t❤ ❞✐✛❡r❡♥t st♦✐❝❤✐♦♠❡tr✐❡s ❢❛❧❧ ✐♥t♦ t❤❡ ❝❛t❡❣♦r② ♦❢ ❤✐❣❤ ✇♦r❦
❢✉♥❝t✐♦♥ ♠❛t❡r✐❛❧s ✭❲❋ ❝❛♥ ❡①❝❡❡❞ ✻✳✽ ❡❱ ❢♦r st♦✐❝❤✐♦♠❡tr✐❝ ▼♦❖3 [✶]✮✱ s♦ t❤❛t t❤❡② ❛r❡
s✉✐t❛❜❧❡ ❢♦r ❤♦❧❡✲❡①tr❛❝t✐♥❣ ❜✉✛❡r ❧❛②❡rs✱ ✇❤❡r❡❛s t✐t❛♥✐✉♠ ♦①✐❞❡ ✭❚✐❖2✮✱ ✇✐t❤ ❛ ❧♦✇❡r
❲❋ ♦❢ ❛r♦✉♥❞ ✺ ❡❱[✶]✱ ✐s ❛♣♣r♦♣r✐❛t❡ ❢♦r ❡❧❡❝tr♦♥✲❡①tr❛❝t✐♥❣ ♦♥❡s✳
❋r♦♠ ❛ ❝❤❡♠✐❝❛❧ ♣♦✐♥t ♦❢ ✈✐❡✇✱ ♠❡t❛❧✲♦①②❣❡♥ ✭▼✲❖✮ ❜♦♥❞s ✐♥ ❚▼❖s ❝♦✉❧❞ ❜❡ tr❡❛t❡❞
❛❝❝♦r❞✐♥❣ t♦ ❝r②st❛❧ ✜❡❧❞ t❤❡♦r② ❛s ❛ ♥❡❣❛t✐✈❡ ❝❤❛r❣❡ tr❛♥s❢❡r ❢r♦♠ ▼x+ t♦ ❖2− ♦r ✐♥ t❡r♠s
♦❢ ❧✐❣❛♥❞ ✜❡❧❞ t❤❡♦r② ❛s ❛ ❝♦♠❜✐♥❛t✐♦♥ ♦❢ ♦①②❣❡♥ ✷♣ ❛♥❞ ♠❡t❛❧ ❞ ♠♦❧❡❝✉❧❛r ♦r❜✐t❛❧s
✭▼❖✮✱ ❜♦t❤ ❧❡❛❞✐♥❣ t♦ s✐♠✐❧❛r r❡s✉❧ts ✉♥❧❡ss ❝♦rr❡❧❛t✐♦♥ ❡✛❡❝ts ❜❡t✇❡❡♥ ❡❧❡❝tr♦♥s ❛r❡
❝♦♥s✐❞❡r❛❜❧② str♦♥❣✳
■♥ t❤❡ ❝❛s❡ ♦❢ ❡①t❡♥❞❡❞ ❝r②st❛❧s✱ t❤❡ ❜r♦❛❞❡♥✐♥❣ ♦❢ ♦r❜✐t❛❧ ❧❡✈❡❧s ❞❡t❡r♠✐♥❡s ❜❛♥❞
str✉❝t✉r❡ ❝r❡❛t✐♦♥ ❛♥❞ ❤②❜r✐❞✐③❛t✐♦♥ ♦❢ ❖✷♣ ❛♥❞ ♠❡t❛❧ ❞ ♦r❜✐t❛❧s✳ ■♥ ❢❛❝t✱ t❤❡✐r ♦✈❡r❧❛♣
✐♥t❡❣r❛❧s ❛r❡ ❞✐✛❡r❡♥t ❢r♦♠ ③❡r♦ ❛♥❞ t❤❡② ❥♦✐♥t❧② ❝♦♥tr✐❜✉t❡ t♦ t♦t❛❧ ❞❡♥s✐t② ♦❢ st❛t❡s
✭❉❖❙✮ ✐♥ t❤❡ s♦❧✐❞✱ ❡✈❡♥ ✐t ✐s ♣♦ss✐❜❧❡ t♦ ❝♦♥t✐♥✉❡ ❞✐st✐♥❣✉✐s❤✐♥❣ ❛ ❞♦♠✐♥❛♥t ❝♦♥tr✐❜✉t✐♦♥
♦❢ ❖✷♣ ♦r ❞ t♦ t❤❡ ❝❤❛r❛❝t❡r ♦❢ ❡✈❡r② ❜❛♥❞ s♦ t❤❛t t❤❡s❡ ❧❛❜❡❧s ❝❛♥ st✐❧❧ ❜❡ ✉s❡❞✳ ❋♦r
❡①❛♠♣❧❡✱ ✈❛❧❡♥❝❡ ❜❛♥❞ ♠❛①✐♠✉♠ ❧❡✈❡❧s ✐♥ ❚▼❖s ❛r✐s❡ ❢r♦♠ ♦①②❣❡♥ ✷♣ ♦r❜✐t❛❧s✱ ✇❤❡r❡❛s
t❤❡ ❜♦tt♦♠ ♦❢ ❈❇ ♠❛✐♥❧② ❝♦♥s✐sts ♦❢ ♠❡t❛❧❧✐❝ ❞ st❛t❡s✳
■♥ t❤✐s ❝♦♥t❡①t✱ ▼❖ ✜❧❧✐♥❣ ❞❡t❡r♠✐♥❡s t❤❡ ✐♥s✉❧❛t✐♥❣✱ s❡♠✐❝♦♥❞✉❝t♦r ♦r ❝♦♥❞✉❝t✐✈❡
❝❤❛r❛❝t❡r ♦❢ ❚▼❖s s♦ t❤❛t t❤❡② ❝❛♥ ❜❡ ❣r♦✉♣❡❞ ✐♥ ❞✐✛❡r❡♥t ❝❧❛ss❡s✿ ❢r♦♠ ❞0 ♦①✐❞❡s
✇✐t❤ ❡♠♣t② ❝♦♥❞✉❝t✐♦♥ ❜❛♥❞ t♦ r❡❞✉❝❡❞ ♦①✐❞❡s ✇✐t❤ ❛♥ ✐♥❝r❡❛s✐♥❣ ♦❝❝✉♣❛♥❝② ♦❢ ✐t ❛♥❞
❛ ♠❡t❛❧❧✐❝ ❝❤❛r❛❝t❡r✱ ✉♣ t♦ ❛ ❞10 s❡♠✐❝♦♥❞✉❝t♦r ❝♦♥✜❣✉r❛t✐♦♥✳
❙tr✉❝t✉r❛❧ ❞❡❢❡❝ts✱ ♠❡t❛❧ ♦r ♦①②❣❡♥ ✈❛❝❛♥❝✐❡s✱ ❝❤❛♥❣❡s ✐♥ ♦①✐❞❛t✐♦♥ st❛t❡ ❛♥❞ ♦t❤❡r
❚▼❖ ❢❡❛t✉r❡s r❡s✉❧t✐♥❣ ✐♥ ✐♥tr❛✲❣❛♣ ❧❡✈❡❧s ❛r❡ ❝r✉❝✐❛❧ t♦ ❡st❛❜❧✐s❤ t❤❡ ❋❡r♠✐ ❡♥❡r❣②
♣♦s✐t✐♦♥ ❛♥❞ t❤❡ ♣✲t②♣❡ ♦r ♥✲t②♣❡ ♥❛t✉r❡ ♦❢ ❡✈❡r② ❝♦♠♣♦✉♥❞✳ ■♥ ♣❛rt✐❝✉❧❛r✱ ✐♥ t❤❡ ❝❛s❡
♦❢ ❞0 ♦①✐❞❡s ❛s ▼♦❖3 ❛♥❞ ❚✐❖2✱ ❛ ♥❛t✐✈❡ ♣r❡s❡♥❝❡ ♦❢ ♦①②❣❡♥ ✈❛❝❛♥❝✐❡s ❞❡t❡r♠✐♥❡s t❤❡
❛♣♣❡❛r❛♥❝❡ ♦❢ ❛ ❞❡❢❡❝t ❜❛♥❞ ✐♥s✐❞❡ t❤❡ ❡♥❡r❣② ❣❛♣ ❜❡❧♦✇ ❈❇ ♠✐♥✐♠✉♠✱ s♦ t❤❛t t❤❡s❡
♦①✐❞❡s ❝❛♥ ❜❡ r❡❣❛r❞❡❞ ❛s ♥✲t②♣❡ s❡♠✐❝♦♥❞✉❝t♦rs✳
✹
❋✐❣✉r❡ ✶✳✸✿ ❊①❛♠♣❧❡s ♦❢ ❞✐✛❡r❡♥t tr❛♥s✐t✐♦♥ ♠❡t❛❧ ♦①✐❞❡ ✭❛✮ ❛♥❞ ♦r❣❛♥✐❝ s❡♠✐❝♦♥❞✉❝t♦r
✭❜✮ ❡♥❡r❣② ❜❛♥❞ ❞✐❛❣r❛♠s✳ ❚❤❡ ✈❛r✐❡t② ♦❢ ✇♦r❦ ❢✉♥❝t✐♦♥s s✉❣❣❡sts t❤❡ ✐♠♣♦rt❛♥❝❡ ♦❢ ❛
❝❛r❡❢✉❧ st✉❞② ✐♥ ♦r❞❡r t♦ t❛✐❧♦r t❤❡ ❜❡st ❚▼❖✲s❡♠✐❝♦♥❞✉❝t♦r ✐♥t❡r❢❛❝❡s ❢♦r ❖P❱ ❞❡✈✐❝❡s✳
■♥ t❤❡ s❝❤❡♠❡✱ ❚▼❖ ✈❛❧❡♥❝❡ ❛♥❞ ❝♦♥❞✉❝t✐♦♥ ❜❛♥❞s✱ ❋❡r♠✐ ❧❡✈❡❧s ❛♥❞ ✇♦r❦ ❢✉♥❝t✐♦♥s ✭Φ✮
❛r❡ s❤♦✇♥✱ t♦❣❡t❤❡r ✇✐t❤ s❡♠✐❝♦♥❞✉❝t♦r ✐♦♥✐③❛t✐♦♥ ❡♥❡r❣✐❡s ✭❛❢t❡r ❬✶❪✮✳
❋✐❣✉r❡ ✶✳✹✿ ❉✐✛❡r❡♥t ❚▼❖ ❝❧❛ss❡s✿ ❡♥❡r❣② ❜❛♥❞ ❞✐❛❣r❛♠s ✭t♦♣✮ ❛♥❞ ♣❤♦t♦❡♠✐ss✐♦♥
s♣❡❝tr❛ ❢r♦♠ ✈❛❧❡♥❝❡ ❜❛♥❞ ✭❜♦tt♦♠✮✳ ▼♦❧②❜❞❡♥✉♠ ❛♥❞ t✐t❛♥✐✉♠ ♦①✐❞❡ st♦✐❝❤✐♦♠❡tr✐❡s
❛r❡ ❤✐❣❤❧✐❣❤t❡❞✳ ❚❤❡ ♠❡t❛❧❧✐❝ ❝❤❛r❛❝t❡r ♦❢ t❤❡ ❝♦♠♣♦✉♥❞s ✈❛r✐❡s ✇✐t❤ t❤❡ ♦❝❝✉♣❛♥❝② ♦❢
❞✲❜❛♥❞ ❛♥❞ ✐♥tr❛✲❣❛♣ ❞❡❢❡❝t st❛t❡s ✭❛❢t❡r ❬✶❪✮✳
❈❤❛♣t❡r ✶✳ P❤②s✐❝s ❛♥❞ ❛♣♣❧✐❝❛t✐♦♥s ♦❢ ❚r❛♥s✐t✐♦♥ ▼❡t❛❧ ❖①✐❞❡s ✺
❋✐❣✉r❡ ✶✳✹ s❤♦✇s ❛ s✉♠♠❛r② ♦❢ ❞✐✛❡r❡♥t ❚▼❖ ❡♥❡r❣② ❝♦♥✜❣✉r❛t✐♦♥s r❡❧❛t❡❞ t♦ ✐♥tr❛✲
❣❛♣ st❛t❡ ✜❧❧✐♥❣✳
✶✳✸ ❚r❛♥s✐t✐♦♥ ▼❡t❛❧ ❖①✐❞❡s ❛s ❜✉✛❡r ❧❛②❡rs ❢♦r ❝❤❛r❣❡
❡①tr❛❝t✐♦♥
❆❝❝♦r❞✐♥❣ t♦ t❤❡ s♣❡❝✐✜❝ ❡❧❡❝tr♦♥✐❝ str✉❝t✉r❡ ♦❢ ❞✐✛❡r❡♥t ❚▼❖s✱ ✐t ✐s ♣♦ss✐❜❧❡ t♦ ✉s❡
t❤❡♠ ❛s ❜✉✛❡r ❧❛②❡rs✱ ❛❧❧♦✇✐♥❣ ❛ s✐♥❣❧❡ t②♣❡ ♦❢ ❝❛rr✐❡r t♦ ♣❛ss ✭❤♦❧❡✲s❡❧❡❝t✐✈❡ ♦r ❡❧❡❝tr♦♥✲
s❡❧❡❝t✐✈❡ ❧❛②❡rs✮✳
❋♦r ✐♥st❛♥❝❡✱ ❛ ♣✲t②♣❡ ♦①✐❞❡ ✇✐t❤ ❛ ❤✐❣❤ ✇♦r❦ ❢✉♥❝t✐♦♥ ✐s s✉✐t❛❜❧❡ ❢♦r ❤♦❧❡✲s❡❧❡❝t✐✈❡
❜✉✛❡r ❧❛②❡rs ✐♥ ❛♥♦❞❡ ❝♦♥t❛❝t✿
✶✳ ✐t ✐s ♣✲t②♣❡✱ s♦ t❤❛t ✐ts ❋❡r♠✐ ❡♥❡r❣② ✐s ❝❧♦s❡r t♦ ✈❛❧❡♥❝❡ t❤❛♥ t♦ ❝♦♥❞✉❝t✐♦♥ ❜❛♥❞❀
✷✳ ✐ts ❤✐❣❤ ✇♦r❦ ❢✉♥❝t✐♦♥ ♠❛❦❡s t❤❡ ♦①✐❞❡ ❊F ♣✐♥ t♦ ♦r❣❛♥✐❝ s❡♠✐❝♦♥❞✉❝t♦r ❍❖▼❖
❧❡✈❡❧✳
❚❤❡s❡ t✇♦ ❢❛❝ts ♠❛❦❡ ✐t ❡❛s✐❡r ❢♦r ❤♦❧❡s t♦ ✢♦✇ ❢r♦♠ ❛❝t✐✈❡ s❡♠✐❝♦♥❞✉❝t♦r ❧❛②❡r t♦
♠❡t❛❧❧✐❝ ❝♦♥t❛❝t t❤r♦✉❣❤ ❚▼❖ ✈❛❧❡♥❝❡ ❜❛♥❞ s♦ t❤❛t ❛♥ ❖P❱ ❞❡✈✐❝❡ ❝♦✉❧❞ ✐♠♣r♦✈❡ ✐ts
♣❡r❢♦r♠❛♥❝❡s✳
❖♥ t❤❡ ♦t❤❡r ❤❛♥❞✱ ❛♥ ❛♣♣r♦♣r✐❛t❡ ♦①✐❞❡ s❤♦✉❧❞ ❛❧s♦ ❤❛✈❡ ❛ ❣r❡❛t❡r ❜❛♥❞ ❣❛♣ t❤❛♥
❍❖▼❖✲▲❯▼❖ ❞✐✛❡r❡♥❝❡✱ s♦ t❤❛t ❡❧❡❝tr♦♥ ❜❛rr✐❡r ❝r♦ss✐♥❣ ✐s ♣r❡✈❡♥t❡❞✳
❋✐❣✉r❡ ✶✳✺✿ ❊♥❡r❣② ❜❛♥❞ s❝❤❡♠❡
♦❢ ❝❤❛r❣❡✲s❡❧❡❝t✐✈❡ ❧❛②❡rs ✐♥ ❖P❱
❞❡✈✐❝❡s✿ ❡❧❡❝tr♦♥✲❡①tr❛❝t✐♥❣ ❧❛②❡r
✭❊❊▲✮ ❢♦r t❤❡ ❝❛t❤♦❞❡ ❛♥❞ ❤♦❧❡✲
❡①tr❛❝t✐♥❣ ❧❛②❡r ✭❍❊▲✮ ❢♦r t❤❡ ❛♥✲
♦❞❡✳ ■♥ t❤❡ ❢♦r♠❡r ❝❛s❡✱ ❛♥ n✲t②♣❡
♦①✐❞❡ ✇✐t❤ ❛ ❧❛r❣❡ ❜❛♥❞ ❣❛♣ ❛♥❞ ❧♦✇
✇♦r❦ ❢✉♥❝t✐♦♥ ✐s r❡♣r❡s❡♥t❡❞✱ ✐♥ t❤❡
❧❛tt❡r ❛ p✲t②♣❡ ♦①✐❞❡ ✇✐t❤ ❛ ❧❛r❣❡
❜❛♥❞ ❣❛♣ ❛♥❞ ❤✐❣❤ ✇♦r❦ ❢✉♥❝t✐♦♥ ✭❛❢✲
t❡r ❬✶❪✮✳
❱✐❝❡ ✈❡rs❛ ✇❡ ❝❛♥ ❛❞❞r❡ss t❤❡ ❝❛t❤♦❞❡ ❜✉✛❡r ❧❛②❡r✿
✶✳ ✐t ✐s ♥✲t②♣❡✱ s♦ t❤❛t ✐ts ❋❡r♠✐ ❡♥❡r❣② ✐s ❝❧♦s❡r t♦ ❝♦♥❞✉❝t✐♦♥ t❤❛♥ t♦ ✈❛❧❡♥❝❡ ❜❛♥❞❀
✷✳ ✐ts ❧♦✇ ✇♦r❦ ❢✉♥❝t✐♦♥ ♠❛❦❡s t❤❡ ♦①✐❞❡ ❊F ♣✐♥ t♦ ♦r❣❛♥✐❝ s❡♠✐❝♦♥❞✉❝t♦r ▲❯▼❖
❧❡✈❡❧✳
✻
❚❤✉s✱ ❡①❝✐t❡❞ ❡❧❡❝tr♦♥s ❝❛♥ ❡❛s✐❧② ✢♦✇ ❢r♦♠ s❡♠✐❝♦♥❞✉❝t♦r ▲❯▼❖ t♦ ❝❛t❤♦❞❡ t❤r♦✉❣❤
❚▼❖ ❝♦♥❞✉❝t✐♦♥ ❜❛♥❞ ❛♥❞ t❤❡ ❖P❱ ❞❡✈✐❝❡ ♣❡r❢♦r♠❛♥❝❡s ❛r❡ ✐♠♣r♦✈❡❞✳ ❚❤❡ ♦①✐❞❡ ❜❛♥❞
❣❛♣ s❤♦✉❧❞ ❜❡ ❣r❡❛t❡r t❤❛♥ ❍❖▼❖✲▲❯▼❖ ❞✐✛❡r❡♥❝❡✱ s♦ t❤❛t ❤♦❧❡ ❜❛rr✐❡r ❝r♦ss✐♥❣ ✐s
♣r❡✈❡♥t❡❞✳
❆ ❣r❛♣❤✐❝❛❧ s❝❤❡♠❡ ♦❢ ❡♥❡r❣② ❜❛♥❞ str✉❝t✉r❡ ✐♥ ❛♥ ❖P❱ ❞❡✈✐❝❡ ✇✐t❤ t❤❡ ♣r❡s❡♥❝❡ ♦❢
❜✉✛❡r ❧❛②❡rs ❢♦r ❤♦❧❡s ❛♥❞ ❡❧❡❝tr♦♥s ✐s s❤♦✇♥ ✐♥ ✜❣✉r❡ ✶✳✺✳
■t ✐s ✐♠♣♦rt❛♥t t♦ ✉♥❞❡r❧✐♥❡ t❤❛t t❤❡ ❞♦♠✐♥❛♥t ❢❛❝t♦r t♦ ❞❡t❡r♠✐♥❡ ❤♦❧❡✲ ♦r ❡❧❡❝tr♦♥✲
s❡❧❡❝t✐✈❡ ♣r♦♣❡rt✐❡s ✐s t❤❡ ♦①✐❞❡ ✇♦r❦ ❢✉♥❝t✐♦♥ r❛t❤❡r t❤❛♥ t❤❡ ♣✲ ♦r ♥✲t②♣❡ ❝❤❛r❛❝t❡r✳
❋♦r ❡①❛♠♣❧❡✱ ❛♥ ♥✲t②♣❡ s❡♠✐❝♦♥❞✉❝t♦r ❧✐❦❡ ▼♦❖x ❛❝ts ❛s ❛ ❤♦❧❡ ❜✉✛❡r ❧❛②❡r ❞✉❡ t♦ ✐ts
✈❡r② ❤✐❣❤ ✇♦r❦ ❢✉♥❝t✐♦♥ ❛♥❞ t❤❡ ❝❤❛r❣❡ ✢♦✇ t❛❦❡s ♣❧❛❝❡ t❤r♦✉❣❤ t❤❡ ✐♥tr❛✲❣❛♣ ❞❡❢❡❝t
❜❛♥❞ ❜❡❧♦✇ ❈❇ ♠✐♥✐♠✉♠✳ ❖♥ t❤❡ ♦t❤❡r ❤❛♥❞✱ t❤❡ s❛♠❡ ❞❡❢❡❝t ❜❛♥❞ ✐♥ ❚✐❖2 ❛ss✐sts t❤❡
♣❛ss❛❣❡ ♦❢ ♥❡❣❛t✐✈❡ ❝❤❛r❣❡s ❞✉❡ t♦ t❤❡ ♦①✐❞❡ ❧♦✇ ✇♦r❦ ❢✉♥❝t✐♦♥✱ s♦ t❤❛t t❤❡ ♠❛t❡r✐❛❧ ❤❛s
❡❧❡❝tr♦♥✲s❡❧❡❝t✐✈❡ ❝❤❛r❛❝t❡r✐st✐❝s✳
✶✳✹ ■♥t❡r❢❛❝❡ ❡♥❡r❣② ❧❡✈❡❧ ❛♥❞ ❖P❱ ❞❡✈✐❝❡s ♣❡r❢♦r♠❛♥❝❡s
❆s ♣r❡✈✐♦✉s❧② s❛✐❞✱ t❤❡ ♣r❡s❡♥❝❡ ♦❢ ❛ ❜✉✛❡r ❧❛②❡r ✐s ✉s❡❢✉❧ t♦ ❛tt❛✐♥ t❤❡ ❡♥❡r❣② ❧❡✈❡❧
❛❧✐❣♥♠❡♥t ❜❡t✇❡❡♥ ❛♥ ♦r❣❛♥✐❝ s❡♠✐❝♦♥❞✉❝t♦r✱ ✇❤❡r❡ ❝❛rr✐❡rs ❛r❡ ❞✐ss♦❝✐❛t❡❞ t❤❛♥❦s t♦
t❤❡ ❡❧❡❝tr✐❝ ✜❡❧❞ ❛t ❛ ❞♦♥♦r✲❛❝❝❡♣t♦r ❥✉♥❝t✐♦♥✱ ❛♥❞ t❤❡ ❊F ♦❢ ❛ ❝♦♥❞✉❝t✐✈❡ ❡❧❡❝tr♦❞❡✱
✇❤✐❝❤ ❡①tr❛❝ts ❝❤❛r❣❡s ❢r♦♠ t❤❡ s②st❡♠✳ ❚❤✐s ✐s ❝r✉❝✐❛❧ ♥♦t ♦♥❧② t♦ ❞❡❝r❡❛s❡ ❝♦♥t❛❝t
r❡s✐st❛♥❝❡ ❛♥❞ ❡♥❡r❣② ❧♦ss❡s ✐♥ t❤❡ ❝❛rr✐❡r ❡①tr❛❝t✐♦♥ ♣r♦❝❡ss✱ ❜✉t ❛❧s♦ t♦ ✐♥❝r❡❛s❡ ❞❡✈✐❝❡
❡✣❝✐❡♥❝②✳ ■♥ ❢❛❝t✱ ❛♥ ❖P❱ ❝❡❧❧ ♣♦✇❡r ❝♦♥✈❡rs✐♦♥ ❡✣❝✐❡♥❝② ηp ❝❛♥ ❜❡ ❞❡✜♥❡❞ ❛s t❤❡
r❛t✐♦ ❜❡t✇❡❡♥ t❤❡ ♠❛①✐♠✉♠ ♣♦✇❡r ❞❡♥s✐t② Pmax ❣❡♥❡r❛t❡❞ ❛♥❞ t❤❡ ✐♥❝✐❞❡♥t ❧✐❣❤t ♣♦✇❡r
❞❡♥s✐t② Pin ♦♥ t❤❡ ❞❡✈✐❝❡[✼]✿
ηp =
Pmax
Pin
=
JSCVOCFF
Pin
.
JSC ✐s t❤❡ ❝✉rr❡♥t ❞❡♥s✐t② ✇❤✐❝❤ ✢♦✇s t❤r♦✉❣❤ t❤❡ ❡①t❡r♥❛❧ ❝✐r❝✉✐t ✇❤❡♥ t❤❡ ❝❡❧❧
❡❧❡❝tr♦❞❡s ❛r❡ ✐♥ s❤♦rt✲❝✐r❝✉✐t ✭s❤♦rt✲❝✐r❝✉✐t ❝✉rr❡♥t ❞❡♥s✐t②✮✿ ✐t ✐s ✐❞❡❛❧❧② t❤❡ s❛♠❡ ❛s
t❤❡ ♣❤♦t♦❣❡♥❡r❛t❡❞ ❝✉rr❡♥t Iph✱ ❞✐✈✐❞❡❞ ❜② t❤❡ ❞❡✈✐❝❡ ❛r❡❛✳ VOC ✐s t❤❡ ✈♦❧t❛❣❡ ✇❤❡♥ ♥♦
❝✉rr❡♥t ✢♦✇s ✐♥ t❤❡ ❝✐r❝✉✐t ✭♦♣❡♥✲❝✐r❝✉✐t ✈♦❧t❛❣❡✮✱ ❝♦rr❡s♣♦♥❞✐♥❣ t♦ t❤❡ ❤✐❣❤❡st ✈♦❧t❛❣❡
t❤❡ ❝❡❧❧ ❝❛♥ ♣r♦✈✐❞❡✳
❚❤❡ ✜❧❧ ❢❛❝t♦r FF ✐s ❞❡✜♥❡❞ ❛s
Pmax
JSCVOC
,
r❛t✐♦ ❜❡t✇❡❡♥ t❤❡ ♠❛①✐♠✉♠ ♣♦✇❡r t❤❡ ❞❡✈✐❝❡ ✐s ❛❜❧❡ t♦ ❞❡❧✐✈❡r ❛♥❞ t❤❡ ♣r♦❞✉❝t JSC×VOC ✱
s♦ t❤❛t ♣♦✇❡r ❝♦♥✈❡rs✐♦♥ ❡✣❝✐❡♥❝② ηp ❝❛♥ ❜❡ ❡①♣r❡ss❡❞ ✐♥ t❡r♠s ♦❢ t❤❡s❡ q✉❛♥t✐t✐❡s✳ ❚❤❡
s♦❧❛r ❝❡❧❧ ♦♣❡r❛t✐♥❣ ♣❛r❛♠❡t❡rs ❝❛♥ ❜❡ r❡❢❡rr❡❞ t♦ t❤❡ ❡q✉✐✈❛❧❡♥t ❝✐r❝✉✐t ✐♥ ✜❣✉r❡ ✶✳✻[✽]✳
❲❤❡r❡❛s JSC ❝❛♥ ❜❡ ♠❛①✐♠✐③❡❞ ✐♠♣r♦✈✐♥❣ ❧✐❣❤t ❛❜s♦r♣t✐♦♥ ❛♥❞ ❝❛rr✐❡r ❝♦❧❧❡❝t✐♦♥ ❜②
❞✐✛❡r❡♥t ❥✉♥❝t✐♦♥ ❝♦♥✜❣✉r❛t✐♦♥s✱ VOC ✐s ❞✐r❡❝t❧② r❡❧❛t❡❞ t♦ ❍❖▼❖✲▲❯▼❖ ❡♥❡r❣② ❣❛♣
❛t t❤❡ s❡♠✐❝♦♥❞✉❝t♦r ❥✉♥❝t✐♦♥ ✭♣❤♦t♦✈♦❧t❛✐❝ ❡♥❡r❣② ❣❛♣ ❊PV G✮✱ ❛s ✈✐s✐❜❧❡ ✐♥ ✜❣✉r❡ ✶✳✼✳
❘❡❝❡♥t ❡①♣❡r✐♠❡♥t❛❧ r❡s✉❧ts[✾] st❛t❡ t❤❛t t❤✐s ❧✐♥❦ ❝♦✉❧❞ ❜❡ s❡♠✐✲❡♠♣✐r✐❝❛❧❧② ❡①♣r❡ss❡❞ ❛s
eVOC = EPV G − 0.47eV,
✇❤❡r❡ e ✐s t❤❡ ❡❧❡❝tr♦♥ ❝❤❛r❣❡ ❛♥❞ ✇❤❡r❡ t❤❡ ♣r❡❝✐s❡ ♣❤②s✐❝❛❧ ♠❡❛♥✐♥❣ ♦❢ t❤❡ ✵✳✹✼ ❡❱
❡♥❡r❣② ♦✛s❡t ✐s st✐❧❧ t♦ ❜❡ ❝♦♠♣❧❡t❡❧② ✉♥❞❡rst♦♦❞✳
❈❤❛♣t❡r ✶✳ P❤②s✐❝s ❛♥❞ ❛♣♣❧✐❝❛t✐♦♥s ♦❢ ❚r❛♥s✐t✐♦♥ ▼❡t❛❧ ❖①✐❞❡s ✼
■♥ ♦r❞❡r t♦ t❛✐❧♦r ❛ ❤✐❣❤ ❊PV G ❥✉♥❝t✐♦♥ ✐t ✐s ✐♠♣♦rt❛♥t t♦ ❤❛✈❡ ❛ ❤✐❣❤ ✐♦♥✐③❛t✐♦♥
❡♥❡r❣② ✭■❊✮ ❞♦♥♦r ❛♥❞ ❛ ❧♦✇ ❡❧❡❝tr♦♥ ❛✣♥✐t② ✭❊❆✮ ❛❝❝❡♣t♦r✳ ❚▼❖ ❜✉✛❡r ❧❛②❡rs ❛♥❞
t❤❡✐r ❤❡❧♣ ✐♥ ❡♥❡r❣② ❧❡✈❡❧ ♣✐♥♥✐♥❣ t♦ ❡❧❡❝tr♦❞❡s ❝❛♥ ❝♦♥tr♦❧ ❛♥❞ st❛❜✐❧✐③❡ ❍❖▼❖ ❛♥❞
▲❯▼❖ ❛♥❞ ♠❛①✐♠✐③❡ ❊PV G✳
❋✐❣✉r❡ ✶✳✻✿ ❆♥ ✐❧❧✉♠✐♥❛t❡❞ s♦❧❛r
❝❡❧❧ ❝❛♥ ❜❡ r❡♣r❡s❡♥t❡❞ ❜② ❛ ❝✉rr❡♥t
s♦✉r❝❡ ♦❢ ♣❤♦t♦❣❡♥❡r❛t❡❞ ❝❤❛r❣❡s
✭Iph✮ ❛♥❞ ❛♥ ✐❞❡❛❧ p✲n ❥✉♥❝t✐♦♥
❞✐♦❞❡ ✐♥ ♣❛r❛❧❧❡❧ ✐♥ ✇❤✐❝❤ t❤❡ ❝✉r✲
r❡♥t Id ✢♦✇s ✭❛❢t❡r ❬✽❪✮✳
❋✐❣✉r❡ ✶✳✼✿ ❇❛♥❞ ❞✐❛❣r❛♠ s❝❤❡♠❡ ❢♦r ❛♥
❖P❱ ❞❡✈✐❝❡✳ ❈❛t❤♦❞❡ ❛♥❞ ❛♥♦❞❡ ✇♦r❦ ❢✉♥❝✲
t✐♦♥s t♦❣❡t❤❡r ✇✐t❤ ❞✐✛❡r❡♥❝❡s ❜❡t✇❡❡♥ ❡❧❡❝✲
tr♦❞❡ ❊F ❛♥❞ s❡♠✐❝♦♥❞✉❝t♦r ❡♥❡r❣② ❧❡✈❡❧s
✭∆▲❯▼❖ ❛♥❞ ∆❍❖▼❖✮ ❛r❡ r❡♣r❡s❡♥t❡❞✳
❚❤❡ ♠❛①✐♠✉♠ ❱OC ✐s s❤♦✇♥ ❛s t❤❡ ❍❖▼❖✲
▲❯▼❖ ❞✐✛❡r❡♥❝❡ ❛t t❤❡ p✲n ❥✉♥❝t✐♦♥ ✭❛❢t❡r
❬✶❪✮✳
✽
❈❤❛♣t❡r ✷
❚r❛♥s✐t✐♦♥ ♠❡t❛❧ ♦①✐❞❡s✿ ❜❛❝❦❣r♦✉♥❞
❛♥❞ r❡s❡❛r❝❤ ♦❜❥❡❝t✐✈❡s
✷✳✶ ❆ ♠♦❞❡❧ ❢♦r ❚r❛♥s✐t✐♦♥ ▼❡t❛❧ ❖①✐❞❡ ✇♦r❦ ❢✉♥❝t✐♦♥
❙✐♥❝❡ ❛ ❢✉❧❧ ❝♦♥tr♦❧ ♦♥ ❚▼❖ ✇♦r❦ ❢✉♥❝t✐♦♥ ✐s ❝r✉❝✐❛❧ t♦ t❛✐❧♦r s✉✐t❛❜❧❡ ❜❛♥❞ str✉❝t✉r❡s
❢♦r ❋❡r♠✐ ❧❡✈❡❧ ♣✐♥♥✐♥❣ t♦ ❍❖▼❖✴▲❯▼❖ ♦❢ ❞❡s✐r❡❞ ♦r❣❛♥✐❝ s❡♠✐❝♦♥❞✉❝t♦rs ❢♦r ❤✐❣❤✲
♣❡r❢♦r♠❛♥❝❡ ❖P❱ ❞❡✈✐❝❡s✱ ✐t ✐s ✇♦rt❤ ❤❛✈✐♥❣ ❛♥ ✐♥s✐❣❤t ✐♥t♦ ❡❧❡❝tr♦♥✐❝ ♣r♦♣❡rt✐❡s ♦❢
t❤❡s❡ ❝♦♠♣♦✉♥❞s t♦ ✉♥❞❡rst❛♥❞ t❤❡ ♦r✐❣✐♥ ♦❢ t❤❡✐r ✇♦r❦ ❢✉♥❝t✐♦♥✳ ■♥ ♣❛rt✐❝✉❧❛r✱ ▼✳❚✳
●r❡✐♥❡r[✷] ♣r♦♣♦s❡❞ ❛ t❤❡♦r❡t✐❝ ♠♦❞❡❧ ❢♦r ❞✐❧✉t❡ ❞❡❢❡❝ts ✐♥ ♦①✐❞❡s ✇✐t❤ ❡♠♣t② ❞ ❜❛♥❞ ✐♥
t❤❡✐r st♦✐❝❤✐♦♠❡tr✐❝ ❢♦r♠✱ ❡①♣❧❛✐♥✐♥❣ t❤❡ r♦❧❡ ♦❢ ❞✐✛❡r❡♥t ❢❛❝t♦rs ✇❤✐❝❤ ❤❛✈❡ ❛♥ ✐♥✢✉❡♥❝❡
♦♥ ❚▼❖ ✇♦r❦ ❢✉♥❝t✐♦♥✳ ●❡♥❡r❛❧❧② s♣❡❛❦✐♥❣✱ ❛ ✇✐❞❡ r❛♥❣❡ ♦❢ ❝❛✉s❡s ❛r❡ ✐♥✈♦❧✈❡❞ ✐♥
❞❡t❡r♠✐♥✐♥❣ ♦①✐❞❡ ❡❧❡❝tr♦♥✐❝ ♣r♦♣❡rt✐❡s✱ ❧✐❦❡ s✉r❢❛❝❡ r♦✉❣❤♥❡ss✱ ❝r②st❛❧❧✐♥❡ ♣❤❛s❡ ❛♥❞
❞✐r❡❝t✐♦♥✱ r❛❞✐❛t✐♦♥ ❡①♣♦s✉r❡✱ ❛❞s♦r❜❛t❡ ♣r❡s❡♥❝❡✱ ✐♠♣✉r✐t✐❡s ❛♥❞ st♦✐❝❤✐♦♠❡tr② ✲ ✇❤✐❝❤
❛✛❡❝t ❜♦t❤ ❡❧❡❝tr♦♥ ❝❤❡♠✐❝❛❧ ♣♦t❡♥t✐❛❧ ❛♥❞ s✉r❢❛❝❡ ❞✐♣♦❧❡✳
■♥ t❤❡ ❝❛s❡ ♦❢ ❛♥ n✲t②♣❡ ♦①✐❞❡ ✇❤♦s❡ ❞❡❢❡❝ts ❛r❡ ♠❛✐♥❧② ❞✉❡ t♦ ♦①②❣❡♥ ✈❛❝❛♥❝✐❡s
❛s ▼♦❖x✱ t❤❡ ♠❛✐♥ ❢❛❝t♦rs ❝❤❛♥❣✐♥❣ t❤❡ ❡♥❡r❣② ♥❡❡❞❡❞ ❜② ❛ ❝❤❛r❣❡ t♦ ❡①✐t t❤❡ ♠❛t❡✲
r✐❛❧ ❛r❡ t❤❡ ❞❡❝r❡❛s❡ ♦❢ ❝❛t✐♦♥ ❡❧❡❝tr♦♥❡❣❛t✐✈✐t② ❛❢t❡r r❡❞✉❝t✐♦♥ ❛♥❞ t❤❡ r✐s❡ ♦❢ ❞♦♥♦r
❝♦♥❝❡♥tr❛t✐♦♥✱ s♦ t❤❛t ❲❋ ❝❛♥ ❜❡ ❡①♣r❡ss❡❞ ❛s
WF = WF0 +∆WFχ +∆WFd, ✭✷✳✶✮
✇❤❡r❡ ❲❋0 ✐s t❤❡ ✇♦r❦ ❢✉♥❝t✐♦♥ ♦❢ r❡❢❡r❡♥❝❡ ♥❡❛r✲st♦✐❝❤✐♦♠❡tr✐❝ ❝♦♠♣♦✉♥❞ ❛♥❞ ∆❲❋χ
❛♥❞ ∆❲❋d ❛r❡ ✐ts ♠♦❞✐✜❝❛t✐♦♥s ❞✉❡ t♦ ❝❛t✐♦♥ ❡❧❡❝tr♦♥❡❣❛t✐✈✐t② ❛♥❞ ❞♦♥♦r ❝♦♥❝❡♥tr❛t✐♦♥✱
r❡s♣❡❝t✐✈❡❧②✳ ❚❤❡② ❝❛♥ ❜❡ r❡✇r✐tt❡♥ ✐♥ ❛ ♠♦r❡ ❡①♣❧✐❝✐t ✇❛② ❛♥❛❧②③✐♥❣ t❤❡ ❢❛❝t♦rs t❤❡②
❞❡♣❡♥❞ ♦♥✳ ■♥ t❤❡ ♥♦t❛t✐♦♥ ♦❢ ❑rö❣❡r✲❱✐♥❦✱ t❤❡ r❡❛❝t✐♦♥ t♦ ♣r♦❞✉❝❡ ♦①②❣❡♥ ✈❛❝❛♥❝✐❡s ✐s
OxO + 2M
x
M −→ v••O + 2M ′M +
1
2
O2(gas),
✐♥ ✇❤✐❝❤ ❖xO ❛♥❞ ▼
x
M ❛r❡ ✐♦♥s ♦❢ ♦①②❣❡♥ ❛♥❞ ♠❡t❛❧ ✐♥ ❛ st♦✐❝❤✐♦♠❡tr✐❝ ♦①✐❞❡ ✇✐t❤ t❤❡✐r
♥♦r♠❛❧ ❝❤❛r❣❡✱ ✈••O ✐s t❤❡ ♦①②❣❡♥ ✈❛❝❛♥❝② ✇✐t❤ t✇♦ ♣♦s✐t✐✈❡ ❝❤❛r❣❡s ❛♥❞ ▼
′
M t❤❡ r❡❞✉❝❡❞
♠❡t❛❧❧✐❝ ❝❛t✐♦♥ ❛❢t❡r ❛❝q✉✐r✐♥❣ ❛♥ ❡❧❡❝tr♦♥ ♠♦r❡✳ ❈♦♥s✐❞❡r✐♥❣ t❤❡ ❡①❛♠♣❧❡ ♦❢ s✉❜st♦✐✲
❝❤✐♦♠❡tr✐❝ ♠♦❧②❜❞❡♥✉♠ ♦①✐❞❡ ▼♦❖3−x✱ t❤❡ s❛♠❡ r❡❛❝t✐♦♥ ✐s ❡①♣r❡ss❡❞ ❜②
OxO + 2Mo
6+ −→ v••O + 2Mo5+ +
1
2
O2(gas). ✭✷✳✷✮
✾
✶✵
❋✐rst❧②✱ r❡❞✉❝❡❞ ▼♦❖3−x ❤❛s ❛♥ ✐♥❝r❡❛s✐♥❣ ♣❡r❝❡♥t❛❣❡ ♦❢ ▼♦5+✱ ✇❤♦s❡ ✇♦r❦ ❢✉♥❝t✐♦♥ ✐s
❧♦✇❡r t❤❛♥ ▼♦6+ ❝❛t✐♦♥✱ s♦ t❤❛t t❤❡ ❞❡✈❡❧♦♣♠❡♥t ♦❢ ❋❡r♠✐ ❡♥❡r❣② ❡①♣r❡ss✐♦♥ ❝♦♥s✐❞❡r✐♥❣
❛❧s♦ t❤❡ r♦❧❡ ♦❢ ♦①✐❞❛t✐♦♥ st❛t❡s ❢♦r ❜✐♥❛r② ❝♦♠♣♦✉♥❞s ❆m❇n
EF = (χ
m
Aχ
n
B)
1/(m+n)
❧❡❛❞s t♦
∆WFχ = EF = ((χMo6+)
1−2x(χMo5+)
2x(χO2−)
3−x)1/(4−x), ✭✷✳✸✮
✇❤❡r❡ χMo6+ ✱ χMo5+ ❛♥❞ χO2− ❛r❡ ❡❧❡❝tr♦♥❡❣❛t✐✈✐t✐❡s ♦❢ ❞✐✛❡r❡♥t ✐♦♥s✳ ❊q✉❛t✐♦♥ ✭✷✳✸✮
❡①♣r❡ss❡s ❛ ❧✐♥❡❛r ♣r♦♣♦rt✐♦♥❛❧✐t② ❜❡t✇❡❡♥ t❤❡ ❞❡❣r❡❡ ♦❢ ♦①②❣❡♥ ❞❡✜❝✐❡♥❝② x ❛♥❞ ✇♦r❦
❢✉♥❝t✐♦♥ ❝❤❛♥❣❡ ∆WFχ ✭t❤❡ tr❡♥❞ ✐s s❤♦✇♥ ✐♥ ✜❣✉r❡ ✷✳✶❜✮✳
❆ s❡❝♦♥❞ ❡✛❡❝t ♦❢ ♦①✐❞❡ r❡❞✉❝t✐♦♥ ✐s t❤❡ ❝♦♥❝❡♥tr❛t✐♦♥ ✐♥❝r❡❛s❡ ♦❢ ❞♦♥♦r st❛t❡s✱ ✇❤♦s❡
✐♦♥✐③❛t✐♦♥ ♣r♦♠♦t❡s ♥❡❣❛t✐✈❡ ❝❤❛r❣❡s ✐♥t♦ ❝♦♥❞✉❝t✐♦♥ ❜❛♥❞ ✭❈❇✮✱ r❛✐s❡s ❋❡r♠✐ ❧❡✈❡❧ ❛♥❞
❞❡❝r❡❛s❡s ✇♦r❦ ❢✉♥❝t✐♦♥ ♦❢ t❤❡ ♠❛t❡r✐❛❧✳ ❙✐♥❝❡ P❤♦t♦❡♠✐ss✐♦♥ ❙♣❡❝tr♦s❝♦♣② ❞❛t❛ r❡✈❡❛❧
t❤❛t t❤❡ ❞♦♠✐♥❛♥t ❦✐♥❞ ♦❢ ❞❡❢❡❝t ✐♥ st♦✐❝❤✐♦♠❡tr✐❝ ▼♦❖x ✐s ❖✲✈❛❝❛♥❝② ❛♥❞ t❤❛t t❤❡②
❞❡t❡r♠✐♥❡ ❋❡r♠✐ ❡♥❡r❣② ❊F t♦ ❜❡ ❜❡t✇❡❡♥ ✵✳✸✾ ❛♥❞ ✵✳✺✾ ❡❱ ❜❡❧♦✇ ❝♦♥❞✉❝t✐♦♥ ❜❛♥❞
♠✐♥✐♠✉♠ ❊c ✭n✲t②♣❡ s❡♠✐❝♦♥❞✉❝t♦r✮✱ ✐t ✐s ♣♦ss✐❜❧❡ t♦ r❡❧❛t❡ ❋❡r♠✐ ❧❡✈❡❧ t♦ ❡❧❡❝tr♦♥ ❝♦♥✲
❝❡♥tr❛t✐♦♥ ✐♥ ❝♦♥❞✉❝t✐♦♥ ❜❛♥❞ ♥e ❜②
EF − Ec = −kT ln(
ne
Nc
), ✭✷✳✹✮
✇❤❡r❡ ◆c ✐s t❤❡ ❡✛❡❝t✐✈❡ ❈❇ ♠✐♥✐♠✉♠ ❞❡♥s✐t② ♦❢ st❛t❡s✱ ❦ t❤❡ ❇♦❧t③♠❛♥♥ ❝♦♥st❛♥t
✭✶✳✸✽×✶✵−23❏·❑−1 ❂ ✽✳✻✷×✶✵−5❡❱·❑−1✮✱ ❚ t❤❡ ❛❜s♦❧✉t❡ t❡♠♣❡r❛t✉r❡ ❛♥❞ ❢r❡❡ ❝❛rr✐❡r
❞❡♥s✐t② ✐♥ ❈❇ ✐s ❡①♣r❡ss❡❞ ❛s
ne =
√
NvNcexp(
−Eg
kT
), ✭✷✳✺✮
❜❡✐♥❣ ◆v t❤❡ ❡✛❡❝t✐✈❡ ❉❖❙ ✐♥ ❱❇ ❛♥❞ ❊g t❤❡ ❡♥❡r❣② ❣❛♣ ✇✐❞t❤✳
❋r♦♠ ✭✷✳✹✮ ❛♥❞ ✭✷✳✺✮ ✐t r❡s✉❧ts
EF − Ec = −
1
2
kT ln(
Nv
Nc
exp(−
Eg
kT
)),
❜✉t s✐♥❝❡ ♥❡❣❛t✐✈❡ ❝❤❛r❣❡s ❞❡r✐✈❡ ❢r♦♠ ❜♦t❤ ❖✷♣ ♦r❜✐t❛❧s ♦❢ ❱❇ ❛♥❞ ✐♥tr❛✲❣❛♣ ❞❡❢❡❝t
st❛t❡s✱ t❤❡ t✇♦ ❝♦♥tr✐❜✉t✐♦♥s s❤♦✉❧❞ ❜❡ t❛❦❡♥ ✐♥t♦ ❛❝❝♦✉♥t✱ s♦ t❤❛t
EF − Ec = −
1
2
kT ln(
Nv
Nc
exp(−
E
(0)
g
kT
) +
Nd
Nc
exp(−
E
(d)
g
kT
)), ✭✷✳✻✮
✇✐t❤ ◆d t❤❡ ❡✛❡❝t✐✈❡ ❉❖❙ ✐♥ ❞❡❢❡❝t ❜❛♥❞ ❛♥❞ ❊
(0)
g ❛♥❞ ❊
(d)
g t❤❡ ❡♥❡r❣② ♣♦s✐t✐♦♥s ♦❢
r❡s♣❡❝t✐✈❡❧② ❖✷♣ ♦r❜✐t❛❧s ❛♥❞ ❞❡❢❡❝t st❛t❡s ❜❡❧♦✇ ❈❇ ♠✐♥✐♠✉♠✳ ■♥ t❤✐s ❡q✉❛t✐♦♥ ◆d ❝❛♥
❜❡ ❡①♣r❡ss❡❞ ❜② ❝❛t✐♦♥ ❝♦♥❝❡♥tr❛t✐♦♥ ❬▼♦5+❪✳
❋r♦♠ t❤❡ ❖✲✈❛❝❛♥❝② ❝r❡❛t✐♦♥ r❡❛❝t✐♦♥ ✭✷✳✷✮✱ t❤❡ ❡q✉✐❧✐❜r✐✉♠ ❝♦♥st❛♥t ❑ ❝❛♥ ❜❡ ✇r✐tt❡♥
❛s
K =
[v••O ][Mo
5+]2
[OxO][Mo
6+]2
p
O
1/2
2
∼=
1
2
[Mo5+]3p
O
1/2
2
❜❡❝❛✉s❡ ❬❖xO❪❬▼♦
6+❪2 ∼ ✶ ❢♦r ❞✐❧✉t❡ ❞❡❢❡❝ts ❛♥❞ ❬▼♦5+❪ ❂ ✷ ❬✈••O ❪✳ ❋r♦♠ t❤❡ t❤❡♦r② ♦❢
r❡❛❝t✐♦♥ t❤❡r♠♦❞②♥❛♠✐❝s ❛ ✜♥❛❧ ❡①♣r❡ss✐♦♥ ❢♦r ❝❛t✐♦♥ ❝♦♥❝❡♥tr❛t✐♦♥ ✐s t❤❡r❡❢♦r❡
[Mo5+] =
√
2exp(−
∆HvO
3kT
)p
O
−1/6
2
, ✭✷✳✼✮
❈❤❛♣t❡r ✷✳ ❚r❛♥s✐t✐♦♥ ♠❡t❛❧ ♦①✐❞❡s✿ ❜❛❝❦❣r♦✉♥❞ ❛♥❞ r❡s❡❛r❝❤ ♦❜❥❡❝t✐✈❡s ✶✶
❜❡✐♥❣ ∆❍vO t❤❡ ❢♦r♠❛t✐♦♥ ❡♥t❤❛❧♣② ♦❢ ❖✲✈❛❝❛♥❝✐❡s ❛♥❞ ♣O2 t❤❡ ❣❛s✲♣❤❛s❡ ♦①②❣❡♥ ♣❛rt✐❛❧
♣r❡ss✉r❡✳ ❯s✐♥❣ t❤❡ ❛♣♣r♦①✐♠❛t✐♦♥ ∆❍vO ∼ ✵✳✺✺ ❡❱[✶✵]✱ ♣O2 ❂ ✶ ❢♦r ❛ s❧♦✇ ❡q✉✐❧✐❜r✐✉♠
✇✐t❤ ❣❛s ✐♥ t❤❡ ✈❛❝✉✉♠ ❝❤❛♠❜❡r ✇❤❡r❡ t❤❡ r❡❛❝t✐♦♥ t❛❦❡s ♣❧❛❝❡ ❛♥❞ ❚ ❂ ✽✺✵ ❑ ♦❢
♦①✐❞❡ ❞❡♣♦s✐t✐♦♥ t❡♠♣❡r❛t✉r❡✱ ❛♥ ❖✲❞❡✜❝✐❡♥❝② ♦❢ x ≈ ✺×✶✵−7 ❢♦r st♦✐❝❤✐♦♠❡tr✐❝ ▼♦❖3
✐s ♦❜t❛✐♥❡❞✳
❊q✉❛t✐♦♥s ✭✷✳✻✮ ❛♥❞ ✭✷✳✼✮ ❤✐❣❤❧✐❣❤t ❛ st❡❡♣ ✐♥✐t✐❛❧ ❞❡❝r❡❛s❡ ♦❢ ❲❋ ✇❤❡♥ ❞♦♥♦r ❝♦♥✲
❝❡♥tr❛t✐♦♥ r✐s❡s ✐♥ t❤❡ ✈✐❝✐♥✐t② ♦❢ st♦✐❝❤✐♦♠❡tr②✱ ✈✐s✐❜❧❡ ✐♥ ✜❣✉r❡ ✷✳✶❝✳ ❙✐♥❝❡ ❞❡❢❡❝t st❛t❡
❡♥❡r❣② ✐s ♦♥❧② ❢❡✇ t❡♥t❤ ♦❢ ❡❧❡❝tr♦♥✲✈♦❧ts ❜❡❧♦✇ ❈❇ ✇❤❡r❡❛s ❱❇ ♠❛①✐♠✉♠ ♠❛❞❡ ♦❢ ❖✷♣
♦r❜✐t❛❧s ✐s ✸✳✵✲✸✳✷ ❡❱ ❢r♦♠ ✐t✱ ✐t ✐s r❡❛s♦♥❛❜❧❡ t♦ ❝♦♥s✐❞❡r ♦♥❧② ❝❛rr✐❡s ❝♦♠✐♥❣ ❢r♦♠ ✐♥tr❛✲
❣❛♣ st❛t❡s ❛♥❞ ❛ ✜♥❛❧ ❡①♣r❡ss✐♦♥ ❢♦r ❞♦♥♦r✲❝♦♥❝❡♥tr❛t✐♦♥✲r❡❧❛t❡❞ ✇♦r❦ ❢✉♥❝t✐♦♥ ❡✈♦❧✉t✐♦♥
✐s
∆WFd = −
1
2
kT ln(
[Mo5+](d)
[Mo5+](0)
), ✭✷✳✽✮
✇✐t❤ ❬▼♦5+❪(d) ❛♥❞ ❬▼♦5+❪(0) t❤❡ ❝❛t✐♦♥ ❞❡♥s✐t✐❡s ✐♥ ❞❡❢❡❝t✐✈❡ ❛♥❞ ♥❡❛r❧② st♦✐❝❤✐♦♠❡tr✐❝
▼♦❖x✱ r❡s♣❡❝t✐✈❡❧②✳ ■♥ t❤✐s ❝❛s❡ t❤❡ ✉♥❞❡r❧②✐♥❣ ❛ss✉♠♣t✐♦♥ ✐s t❤❛t ✈❛❧❡♥❝❡✱ ❝♦♥❞✉❝t✐♦♥
❛♥❞ ❞❡❢❡❝t ❧❡✈❡❧s ✐♥ ❜❛♥❞ s❝❤❡♠❡ r❡♠❛✐♥ ❝♦♥st❛♥t ✇✐t❤ ❖✲❞❡✜❝✐❡♥❝② ✐♥❝r❡❛s❡✱ ✇❤✐❝❤ ✐s
❝♦rr❡❝t ❢♦r ❞✐❧✉t❡ ❞♦♥♦r r❡❣✐♠❡✳
❋r♦♠ ✭✷✳✶✮✱ ✭✷✳✸✮ ❛♥❞ ✭✷✳✽✮ ❛♥ ❡q✉❛t✐♦♥ ❛❝❝♦✉♥t✐♥❣ ❢♦r t❤❡ ✐♥✢✉❡♥❝❡ ♦❢ ❞✐✛❡r❡♥t ❢❛❝t♦rs
♦♥ ✇♦r❦ ❢✉♥❝t✐♦♥ ❝❤❛♥❣❡s ✐s ✜♥❛❧❧② ❡①tr❛❝t❡❞✿
WF = WF0 + ((χMo6+)
1−2x(χMo5+)
2x(χO2−)
3−x)1/(4−x) −
1
2
kT ln(
x
x0
), ✭✷✳✾✮
✇❤❡r❡ x ❛♥❞ x0 ❛r❡ ❖✲✈❛❝❛♥❝② ❝♦♥❝❡♥tr❛t✐♦♥s ✐♥ ❞❡❢❡❝t✐✈❡ ❛♥❞ r❡❢❡r❡♥❝❡ ♥❡❛r✲st♦✐❝❤✐♦♠❡tr✐❝
♦①✐❞❡s✳ ❯s✐♥❣ t❤❡ ❛❢♦r❡♠❡♥t✐♦♥❡❞ ✈❛❧✉❡s ♦❢ x0 ❂ ✺×✶✵−7 ❛♥❞ ❚ ❂ ✽✺✵ ❑ ❛♥❞ ✐♦♥✐❝ ❡❧❡❝✲
tr♦♥❡❣❛t✐✈✐t✐❡s ♦❢ χMo6+ ❂ ✻✳✹ ❡❱✱ χMo5+ ❂ ✺✳✹ ❡❱ ❛♥❞ χO2− ❂ ✶✶✳✸ ❡❱[✶✶]✱ t❤❡ ♦✉t❝♦♠❡
✐s t❤❡ ✇♦r❦ ❢✉♥❝t✐♦♥ tr❡♥❞ ✈❡rs✉s ❖✲❞❡✜❝✐❡♥❝② s❤♦✇♥ ✐♥ ✜❣✉r❡ ✷✳✶❛✳
❋✐❣✉r❡ ✷✳✶✿ ❈❤❛rts ♦❢ ✇♦r❦ ❢✉♥❝t✐♦♥ φ ❡✈♦❧✉t✐♦♥ ✈❡rs✉s ♦①②❣❡♥ ❞❡✜❝✐❡♥❝② x ✐♥ ♥♦♥✲
st♦✐❝❤✐♦♠❡tr✐❝ ♠♦❧②❜❞❡♥✉♠ ♦①✐❞❡ ▼♦❖3−x ✭❛✮✱ ✇✐t❤ ❞❡t❛✐❧s ♦❢ r❡s♣❡❝t✐✈❡ ❝♦♥tr✐❜✉t✐♦♥s
♦❢ ❡❧❡❝tr♦♥❡❣❛t✐✈✐t② ✭❜✮ ❛♥❞ ❞♦♥♦r st❛t❡ ❝♦♥❝❡♥tr❛t✐♦♥ ✭❝✮ ✭❢r♦♠ ❬✷❪✮✳ ■♥ ❣r❛♣❤ ✭❛✮ t❤❡
❞❛s❤❡❞ ❧✐♥❡ r❡♣r❡s❡♥ts ✇♦r❦ ❢✉♥❝t✐♦♥ tr❡♥❞ ❛❝❝♦r❞✐♥❣ t♦ ♠♦❞❡❧ ❡q✉❛t✐♦♥ ✭✷✳✾✮✱ ✇❤❡r❡❛s
t❤❡ ❜❧❛❝❦ ❝✐r❝❧❡s ❛r❡ ❡①♣❡r✐♠❡♥t❛❧ ❞❛t❛ r❡♣♦rt❡❞ ✐♥ r❡❢✳ ❬✷❪✳
✶✷
✷✳✷ Pr❡✈✐♦✉s r❡s❡❛r❝❤ ♦♥ ▼♦❖x
❆♠♦♥❣ ❚▼❖s✱ ♠♦❧②❜❞❡♥✉♠ ♦①✐❞❡ ✐s ♥♦t❛❜❧② ♣r♦♠✐s✐♥❣ ❛s ❛ s✉✐t❛❜❧❡ ❝♦♠♣♦✉♥❞ ❢♦r
❤♦❧❡✲❡①tr❛❝t✐♥❣ ❧❛②❡rs ✐♥ ❖P❱ ❞❡✈✐❝❡s✱ ❜❡❝❛✉s❡ ♦❢ ✐ts ❤✐❣❤ ✇♦r❦ ❢✉♥❝t✐♦♥ ❛♥❞ tr❛♥s✲
♣❛r❡♥❝②✳ ❚❤❡ ♠♦st ✐♠♣♦rt❛♥t st❡♣ ♦♥ t❤❡ ✇❛② ♦❢ ✐♥t❡r❢❛❝❡ ❡♥❣✐♥❡❡r✐♥❣ ❢♦r ❡❧❡❝tr♦♥✐❝s ✐s
t❤❡ ❛❜✐❧✐t② t♦ t❛✐❧♦r ▼♦❖x ❡♥❡r❣② ❧❡✈❡❧s t♦ ✜t ❞✐✛❡r❡♥t ♦r❣❛♥✐❝ s❡♠✐❝♦♥❞✉❝t♦rs✳
✭❛✮ ✭❜✮
❋✐❣✉r❡ ✷✳✷✿ ❲♦r❦ ❢✉♥❝t✐♦♥ ▲❊❊▼ ♠❡❛s✉r❡♠❡♥ts ❢♦r ❞✐✛❡r❡♥t s✐t❡s ♦♥ ♠♦❧②❜❞❡♥✉♠ ♦①✐❞❡
s✉r❢❛❝❡✳ ▲❊❊▼ ❛♥❛❧②s✐s ✐s ♣❡r❢♦r♠❡❞ ✈❛r②✐♥❣ t❤❡ ❧♦✇✲❡♥❡r❣② ❡❧❡❝tr♦♥ ❜❡❛♠ ❧❛♥❞✐♥❣
❡♥❡r❣②✿ ✇❤❡♥ ✐t r❡❛❝❤❡s t❤❡ ✈❛❧✉❡ ♦❢ t❤❡ s❛♠♣❧❡ ✇♦r❦ ❢✉♥❝t✐♦♥ ❛ ❞r♦♣ ♦✛ ✐♥ t❤❡ ❡❧❛st✐❝❛❧❧②
r❡✢❡❝t❡❞ ❡❧❡❝tr♦♥ ✐♥t❡♥s✐t② ✐♠❛❣❡ ✭❛✮ ✐s ♦❜s❡r✈❡❞✳ ❚❤✐s ♠❛♣ ✐s ❛❝q✉✐r❡❞ ✇✐t❤ ❛♥ ❛♣❡rt✉r❡
♦❢ ✶✵✳✺ µ♠ ❛t ❛ ❧❛♥❞✐♥❣ ❡♥❡r❣② ♦❢ ✻✳✵ ❡❱ ❛♥❞ t❤❡ t❡❝❤♥✐q✉❡ ❝❛♥ ❣✐✈❡ ❛ ❧❛t❡r❛❧ s♣❛t✐❛❧
r❡s♦❧✉t✐♦♥ ♦❢ ∼✶✺ ♥♠✳ ❚❤❡ ❝♦❧♦r s❝❛❧❡ r❛♥❣❡s ❢r♦♠ ✻✳✾ ❡❱ ♦❢ ❧✐❣❤t ②❡❧❧♦✇ t♦ ✺✳✺ ❡❱ ♦❢
❞❛r❦ ❜❧✉❡✳ ■✴❱ ❝✉r✈❡s ❢♦r s✐t❡s ♣✶ ❛♥❞ ♣✷ ✭❜✮ ❛❧❧♦✇ t♦ ❡①tr❛❝t r❡s♣❡❝t✐✈❡ ✇♦r❦ ❢✉♥❝t✐♦♥s
♦❢ ✻✳✺ ❛♥❞ ✺✳✺ ❡❱ ✭❛❢t❡r ❬✻❪✮✳
■♥ t❤✐s ❝♦♥t❡①t✱ ♣r❡✈✐♦✉s st✉❞✐❡s ❤❛✈❡ ✐♥✈❡st✐❣❛t❡❞ t❤❡ r❡❧❛t✐♦♥ ❜❡t✇❡❡♥ st♦✐❝❤✐♦♠❡tr②✱
♠♦r♣❤♦❧♦❣② ❛♥❞ ❜❛♥❞ ❞✐❛❣r❛♠ ✐♥ ♠♦❧②❜❞❡♥✉♠ ♦①✐❞❡✳ ■t ✐s ✐♠♣♦rt❛♥t t♦ s♣❡❝✐❢② t❤❛t
t❤❡ ♦①✐❞❡ ✐s r❡❢❡rr❡❞ t♦ ❛s ▼♦❖x ❜❡❝❛✉s❡ ❖✿▼♦ r❛t✐♦ ❝♦✉❧❞ ✈❛r②✱ ❜✉t t❤❡ ❝❛♥♦♥✐❝❛❧
st♦✐❝❤✐♦♠❡tr② ❢♦r t❤✐s ♠❛t❡r✐❛❧ ✐s ▼♦❖3✿ t❤r❡❡ ♦①②❣❡♥ ❛t♦♠s ❢♦r ❡✈❡r② tr❛♥s✐t✐♦♥ ♠❡t❛❧
♦♥❡✱ r❡s✉❧t✐♥❣ ✐♥ ❛ ♠♦❧②❜❞❡♥✉♠ ♦①✐❞❛t✐♦♥ st❛t❡ ♦❢ ▼♦6+✳
■♥ ❞✐✛❡r❡♥t ❡①♣❡r✐♠❡♥ts[✺][✻] ▼♦❖3 ❤❛s ❜❡❡♥ ❝♦♠♣❛r❡❞ t♦ s✉❜st♦✐❝❤✐♦♠❡tr✐❝ ❛♥❞ s✉✲
♣❡r♦①✐❞✐③❡❞ ❝♦♠♣♦✉♥❞s ✭▼♦❖x ✇✐t❤ x ∼ ✷✳✺✼ ❛♥❞ ✸✳✶✻✱ r❡s♣❡❝t✐✈❡❧②✮✱ ❞❡♣♦s✐t❡❞ ❜②
❉❈✲r❡❛❝t✐✈❡ s♣✉tt❡r✐♥❣ ✇✐t❤ ❛♣♣r♦♣r✐❛t❡ ♦①②❣❡♥ ♣r❡ss✉r❡s ✐♥ t❤❡ ❝❤❛♠❜❡r ❝♦♥tr♦❧❧❡❞
❡♥✈✐r♦♥♠❡♥t✳ ❙❡✈❡r❛❧ ❝❤❛r❛❝t❡r✐③❛t✐♦♥ t❡❝❤♥✐q✉❡s ✇❡r❡ ❡♠♣❧♦②❡❞✱ s✉❝❤ ❛s ▲♦✇✲❊♥❡r❣②
❊❧❡❝tr♦♥ ▼✐❝r♦s❝♦♣② ✭▲❊❊▼✮ t♦ ♠❛♣ ✇♦r❦ ❢✉♥❝t✐♦♥ ✐♥❤♦♠♦❣❡♥❡✐t✐❡s ♦♥ t❤❡ s✉r❢❛❝❡✱ ▲♦✇✲
❊♥❡r❣② ❊❧❡❝tr♦♥ ❉✐✛r❛❝t✐♦♥ ✭▲❊❊❉✮ t♦ ❝❤❡❝❦ t❤❡ s❛♠♣❧❡ ❝r②st❛❧❧✐♥✐t②✱ ❍✐❣❤✲❘❡s♦❧✉t✐♦♥
❚r❛♥s♠✐ss✐♦♥ ❊❧❡❝tr♦♥ ▼✐❝r♦s❝♦♣② ✭❍❘❚❊▼✮ t♦ st✉❞② t❤❡ ♦①✐❞❡ ♠♦r♣❤♦❧♦❣②✱ ❆✉❣❡r ❊❧❡❝✲
tr♦♥ ❙♣❡❝tr♦s❝♦♣② ✭❆❊✮ ❛♥❞ ❳✲r❛② P❤♦t♦❡❧❡❝tr♦♥ ❙♣❡❝tr♦s❝♦♣② ✭❳P❙✮ t♦ ❛♥❛❧②③❡ s✉r❢❛❝❡
❝❤❡♠✐❝❛❧ ❝♦♠♣♦s✐t✐♦♥✳
❙♦♠❡ r❡s✉❧ts s❤♦✉❧❞ ❜❡ ❤✐❣❤❧✐❣❤t❡❞ ❛s ❛ st❛rt✐♥❣ ♣♦✐♥t ❢♦r t❤❡ ❡①♣❡r✐♠❡♥ts ♣r❡s❡♥t❡❞
✐♥ t❤✐s t❤❡s✐s✳
■♥ ♣❛rt✐❝✉❧❛r✱ ♣♦st✲❞❡♣♦s✐t✐♦♥ ✉❧tr❛✲❤✐❣❤ ✈❛❝✉✉♠ ❛♥♥❡❛❧✐♥❣ ❛t ✺✵✵➦❈ ❤❛s ❞✐✛❡r❡♥t
❡✛❡❝ts ❞❡♣❡♥❞✐♥❣ ♦♥ ❖✿▼♦ r❛t✐♦ ❛♥❞ ▲❊❊▼ ❝❛♥ ❛♥❛❧②③❡ t❤❡♠ ❜♦t❤ ❢r♦♠ ❛ str✉❝t✉r❛❧
❛♥❞ ❛♥ ❡♥❡r❣❡t✐❝ ♣♦✐♥t ♦❢ ✈✐❡✇ ✭❛♥ ❡①❛♠♣❧❡ ♦❢ ▲❊❊▼ r❡s✉❧ts ❝❛♥ ❜❡ s❡❡♥ ✐♥ ✜❣✉r❡ ✷✳✷✮✿
✶✳ ❆❢t❡r ❛♥♥❡❛❧✐♥❣ ❛t ✺✵✵➦❈✱ ▼♦❖2.57 ❤❛s ❛ ✢❛t t♦♣♦❣r❛♣❤② ❛♥❞ ❛ ❤♦♠♦❣❡♥❡♦✉s ✇♦r❦
❢✉♥❝t✐♦♥ ♦❢ ❲❋MoO2.57 ❂ ✻✳✹ ❡❱✳
❈❤❛♣t❡r ✷✳ ❚r❛♥s✐t✐♦♥ ♠❡t❛❧ ♦①✐❞❡s✿ ❜❛❝❦❣r♦✉♥❞ ❛♥❞ r❡s❡❛r❝❤ ♦❜❥❡❝t✐✈❡s ✶✸
❋✐❣✉r❡ ✷✳✸✿ ❍✐❣❤✲❘❡s♦❧✉t✐♦♥ ❚❊▼
♠✐❝r♦❣r❛♣❤ ❛❢t❡r ❛♥♥❡❛❧✐♥❣ ❛t ✺✵✵➦❈
♦❢ ▼♦❖x s❛♠♣❧❡✿ ❞❡t❛✐❧ ♦❢ t❤❡ s✉r✲
❢❛❝❡ ❧❛②❡r✳ ❚❤❡ r❡❞ ❞♦tt❡❞ ❧✐♥❡
❤✐❣❤❧✐❣❤ts t❤❡ s❡♣❛r❛t✐♦♥ ❜❡t✇❡❡♥
t❤❡ t♦♣ ♥❛♥♦♠❡t❡rs ♦❢ ❞✐s♦r❞❡r❡❞
♥♦♥✲st♦✐❝❤✐♦♠❡tr✐❝ ✜❧♠ ✭▼♦❖x✮ ❛♥❞
❛ ❤✐❣❤✲q✉❛❧✐t② ❝r②st❛❧❧✐♥❡ s✉❜str❛t❡
✭▼♦❖3✮✳ ❙❝❛❧❡ ❜❛r ♦❢ ✶ ♥♠ ✭❢r♦♠ r❡❢✳
❬✻❪✮✳
❋✐❣✉r❡ ✷✳✹✿ ❙❝❤❡♠❛t✐❝ ✐❧❧✉str❛t✐♦♥ ♦❢ ♣r❡✈✐♦✉s r❡s✉❧ts ♦❢ ▲❊❊▼✳ ❲♦r❦ ❢✉♥❝t✐♦♥ ❝❤❛♥❣❡s
✐♥ ✐♥✐t✐❛❧ ❛♠♦r♣❤♦✉s ▼♦❖3 ✭❛✮ ❛❢t❡r ✉❧tr❛✲❤✐❣❤ ✈❛❝✉✉♠ ❛♥♥❡❛❧✐♥❣ ❛t ✺✵✵➦❈ ✭❜✮ ❛r❡ ✐♥✲
t❡r♣r❡t❡❞ ❛s ❞✉❡ t♦ t❤❡ ❢♦r♠❛t✐♦♥ ♦❢ ❛ ❝r②st❛❧❧✐♥❡ ✉♥❞❡r❧❛②❡r ✭α✲▼♦❖3 ✇✐t❤ ♠♦❧❡❝✉❧❡s
♣♦s✐t✐♦♥❡❞ ❛❧♦♥❣ ✭✶✵✵✮ ❞✐r❡❝t✐♦♥✱ ❛s s❤♦✇♥ ✐♥ t❤❡ ✉♣♣❡r r✐❣❤t ❞❡t❛✐❧✮ ❛♥❞ ❛ s✉❜st♦✐❝❤✐♦✲
♠❡tr✐❝ ♦✈❡r❧❛②❡r ✭▼♦❖x ✇✐t❤ x❁✸✮ ✇❤♦s❡ ✇♦r❦ ❢✉♥❝t✐♦♥ r❛♥❣❡s ❢r♦♠ ∼✺✳✺ ❡❱ t♦ ∼✻✳✻ ❡❱
✭❛❢t❡r ❬✻❪✮✳
❋✐❣✉r❡ ✷✳✺✿ ❙✉r❢❛❝❡ ♠♦r♣❤♦❧♦❣②
s❝❤❡♠❡s ✭t♦♣✮ ❛♥❞ ❜❛♥❞ ❞✐❛❣r❛♠s
✭❜♦tt♦♠✮ ❢♦r s✉❜st♦✐❝❤✐♦♠❡tr✐❝ ❛♥❞ s✉✲
♣❡r♦①✐❞✐③❡❞ ▼♦❖x✳ ❉✐✛❡r❡♥❝❡s ♦❢ ✇♦r❦
❢✉♥❝t✐♦♥ ✭Φ✮ ❝❛♥ ❜❡ ❡①♣❧❛✐♥❡❞ ❜② t❤❡
✜❧❧✐♥❣ ♦❢ ✐♥tr❛✲❣❛♣ ❞❡❢❡❝t st❛t❡s✱ ✇❤✐❝❤
r❡❞✉❝❡s ✐t ❛♥❞ ❡♥❤❛♥❝❡s ♠❡t❛❧❧✐❝ ❝❤❛r✲
❛❝t❡r ♦❢ t❤❡ ♦①✐❞❡✳ ❲❤❡r❡❛s ▼♦❖2.57
❤❛s ♦♥❡ ♦①✐❞❛t✐♦♥ st❛t❡ ♦♥❧②✱ ▼♦❖3.16
❞❡✈❡❧♦♣s ♠❛♥② s✉r❢❛❝❡ ♥❛♥♦❛❣❣r❡❣❛t❡s
✇✐t❤ ❞✐✛❡r❡♥t ❧❡✈❡❧s ♦❢ ❣❛♣✲st❛t❡ ✜❧❧✐♥❣
✭❛❢t❡r ❬✺❪✮✳
✶✹
✷✳ ❆s r❡s✉❧t✐♥❣ ❢r♦♠ ❍❘❚❊▼ ❞❛t❛ ✭✜❣✉r❡ ✷✳✸✮ ❛♥❞ s✉♠♠❛r✐③❡❞ ✐♥ t❤❡ s❝❤❡♠❡ ✐♥
✜❣✉r❡ ✷✳✹✱ ❛♥♥❡❛❧✐♥❣ ▼♦❖3 ✲ s♣❡❝✐✜❝❛❧❧②✱ s✉♣❡r♦①✐❞✐③❡❞ s❛♠♣❧❡s ✲ ❞❡t❡r♠✐♥❡s t❤❡
s❡♣❛r❛t✐♦♥ ❜❡t✇❡❡♥ ❛ ❝r②st❛❧❧✐♥❡ s✉❜str❛t❡ ♦❢ ♦rt❤♦r❤♦♠❜✐❝ α✲▼♦❖3 ❛♥❞ ♥❛♥♦♠❡tr✐❝
❛♠♦r♣❤♦✉s ❣r❛✐♥s ✇✐t❤ ❜♦t❤ st♦✐❝❤✐♦♠❡tr✐❝ ❛♥❞ r❡❞✉❝❡❞ ▼♦❖x ✭✐✳❡✳ r✐❝❤ ✐♥ ♦①②❣❡♥
✈❛❝❛♥❝② ❞❡❢❡❝ts✮❀ t❤❡s❡ s✉r❢❛❝❡ ③♦♥❡s ❤❛✈❡ r❡s♣❡❝t✐✈❡ ✇♦r❦ ❢✉♥❝t✐♦♥s ♦❢ ✻✳✻ ❡❱ ❛♥❞
✺✳✺✲✻✳✵ ❡❱✳
✸✳ ❚❤❡ ♦①②❣❡♥ ❛❜✉♥❞❛♥❝❡ ✐♥ ▼♦❖3.16 st✐♠✉❧❛t❡s ❣r❛✐♥ ♥✉❝❧❡❛t✐♦♥ ♦♥ t❤❡ s✉r❢❛❝❡✿ t❤❡
❛❣❣r❡❣❛t❡s t❡♥❞ t♦ ❤❛✈❡ ❛ ✇♦r❦ ❢✉♥❝t✐♦♥ ✉♣ t♦ ✻✳✺ ❡❱ ❛♥❞ ❛ st♦✐❝❤✐♦♠❡tr✐❝ ❝♦♠✲
♣♦s✐t✐♦♥✱ ✇❤❡r❡❛s ❧♦✇❡r ❲❋ ✢❛t ③♦♥❡s ❛r❡ ❛ss♦❝✐❛t❡❞ ✇✐t❤ r❡❞✉❝❡❞ ♦①✐❞❡ ✭✇✐t❤ ❛
✇♦r❦ ❢✉♥❝t✐♦♥ ♦❢ ∼✻✳✶ ❡❱✮✳
✹✳ ❘❡❞✉❝t✐♦♥ ♣r♦❝❡ss ❝♦✉❧❞ ❜❡ ✐♥t❡r♣r❡t❡❞ ❛s ❛ ✜❧❧✐♥❣ ♦❢ ✹❞✲❜❛♥❞ ✐♥tr❛✲❣❛♣ st❛t❡s✱
✇❤✐❝❤ ✐♥❝r❡❛s❡s ♠❡t❛❧❧✐❝ ❝❤❛r❛❝t❡r ♦❢ t❤❡ ❝♦♠♣♦✉♥❞ ❛♥❞ ❞❡❝r❡❛s❡s ♠♦❧②❜❞❡♥✉♠
♦①✐❞❛t✐♦♥ st❛t❡ ❢r♦♠ ▼♦6+ t♦ ▼♦5+✴▼♦4+✱ ❤♦✇❡✈❡r ♣r❡s❡r✈✐♥❣ ❛ ❤✐❣❤ ✇♦r❦ ❢✉♥❝t✐♦♥
✭✜❣✉r❡ ✷✳✺✮✳ ❚❤✐s ♠❡❝❤❛♥✐s♠ ❤❛s ❜❡❡♥ ❝♦♥✜r♠❡❞ ❜② ❯P❙ ❛♥❞ ❳P❙ ♠❡❛s✉r❡♠❡♥ts[✺][✻]✳
❚❤✉s ✐t s❡❡♠s t❤❛t ♣❛rt✐❛❧❧② r❡❞✉❝❡❞ ▼♦❖x ✐s s✉✐t❛❜❧❡ ❢♦r ❛♥♦❞❡ ❜✉✛❡r ❧❛②❡rs ❜❡❝❛✉s❡ ♦❢
✐ts ❤✐❣❤ ❛♥❞ ✉♥✐❢♦r♠ ✇♦r❦ ❢✉♥❝t✐♦♥ ❝♦♠❜✐♥❡❞ ✇✐t❤ ❛ ♥❡❛r❧② ♠❡t❛❧❧✐❝ ❛♥❞ ❝♦♥❞✉❝t✐✈❡ ❜❡✲
❤❛✈✐♦r ✇❤✐❝❤ ❝❛♥ ✐♠♣r♦✈❡ ❝❛rr✐❡r ❡①tr❛❝t✐♦♥✱ ✇❤❡r❡❛s t❤❡ ❛ss♦❝✐❛t❡❞ ❝r②st❛❧❧✐♥❡ s✉❜str❛t❡
❤❡❧♣s t♦ ✐♥❝r❡❛s❡ ❝❤❛r❣❡ ♠♦❜✐❧✐t②✳ ■♥ t❤✐s t❤❡s✐s✱ t❤❡ ❢♦❝✉s ✇✐❧❧ ❜❡ t❤❡r❡❢♦r❡ ♦♥ t❤❡ ♣❤②s✲
✐❝❛❧ ❛♥❞ ❝❤❡♠✐❝❛❧ ▼♦❖x ♣r♦♣❡rt✐❡s ❛♥❞ ♦♥ t❤❡✐r ❡✈♦❧✉t✐♦♥ ✇✐t❤ ❛♥♥❡❛❧✐♥❣ t❡♠♣❡r❛t✉r❡
❛♥❞ ♦t❤❡r ❡①♣❡r✐♠❡♥t❛❧ ♣❛r❛♠❡t❡rs✳
✷✳✸ ❆ ❢✉rt❤❡r ✐♥s✐❣❤t ✐♥t♦ ❚✐❖2
❚❤✐s ❝♦♠♣♦✉♥❞ ❤❛s ❛ ✇❡❧❧✲❦♥♦✇♥ str✉❝t✉r❡ ✇✐t❤ ❛ ❝❛♥♦♥✐❝❛❧ ❚✐❖2 st♦✐❝❤✐♦♠❡tr②
✭✇❤✐❝❤ ❝❛♥ ✈❛r② ✐♥ ❛ ❚✐❖x ❢♦r♠✮ ❛♥❞ ✐♥✈❡st✐❣❛t✐♦♥s ♦♥ ✐t ❤❛✈❡ ❝♦❧❧❡❝t❡❞ ❛ ❧❛r❣❡ ❛♠♦✉♥t
♦❢ ❞❛t❛ ❞✉r✐♥❣ t❤❡ ②❡❛rs[✸][✹][✶✷][✶✸]✳ ▲✐❦❡ ▼♦❖x✱ ✐t ❝♦✉❧❞ ❜❡ ❡♠♣❧♦②❡❞ ❛s ❛ ❜✉✛❡r ❧❛②❡r
✐♥ s♦❧❛r ❝❡❧❧s✱ ❜✉t ✐t ✐s r❛t❤❡r s✉✐t❛❜❧❡ ❢♦r ❡♥❤❛♥❝✐♥❣ ❡❧❡❝tr♦♥ tr❛♥s♣♦rt ❛s ❝❛t❤♦❞❡ ❜✉✛❡r
❧❛②❡rs✱ ❞✉❡ t♦ ✐ts n✲t②♣❡ ♥❛t✉r❡ ❛♥❞ ❧♦✇❡r ✇♦r❦ ❢✉♥❝t✐♦♥ ✭♦❢ ✹✳✾ ❡❱ ❛♥❞ ✺✳✶ ❡❱ ❢♦r t❤❡
t✇♦ ♠❛✐♥ ♣❤❛s❡s✱ r✉t✐❧❡ ❛♥❞ ❛♥❛t❛s❡[✶✸]✮✳
❚❤❡r❡❢♦r❡✱ t❤✐s t❤❡s✐s ❛❧s♦ ♣r❡s❡♥ts s♦♠❡ r❡s✉❧ts ❡①tr❛❝t❡❞ ❢r♦♠ t❤❡ ❛♥❛❧②s❡s ♦❢ ❞✐✛❡r✲
❡♥t ❚✐❖2 s❛♠♣❧❡s✳ ■♥ ♣❛rt✐❝✉❧❛r✱ ♣r❡✈✐♦✉s P❤♦t♦❡♠✐ss✐♦♥ ❊❧❡❝tr♦♥ ▼✐❝r♦s❝♦♣② ✭P❊❊▼✮
❛♥❞ ❳✲r❛② ❆❜s♦r♣t✐♦♥ ❙♣❡❝tr♦s❝♦♣② ✭❳❆❙✮ st✉❞✐❡s ❤❛✈❡ ❜❡❡♥ ❝❛rr✐❡❞ ♦✉t ♦♥ t❤✐s ♠❛t❡✲
r✐❛❧✱ s❤♦✇✐♥❣ t❤❡ ❞✐✛❡r❡♥t ❡❧❡❝tr♦♥✐❝ ♣r♦♣❡rt✐❡s ♦❢ t❤❡ t✇♦ ♣❤❛s❡s[✶✸]✳ ❆♥❛❧②③✐♥❣ ❛ ✜❧♠
♦❢ ❛♥❛t❛s❡ ✇✐t❤ ❡♠❜❡❞❞❡❞ r✉t✐❧❡ ♥❛♥♦❝r②st❛❧s✱ ✐t ✇❛s ❞✐s❝♦✈❡r❡❞ t❤❛t ❳✲r❛② P❊❊▼ ❛♥❞
❯❱✲P❊❊▼ ♠❛♣s ❤❛✈❡ r❡✈❡rs❡❞ ❝♦♥tr❛st✱ ❛s s❤♦✇♥ ✐♥ ✜❣✉r❡ ✷✳✻✳ ❙✐♥❝❡ t❤❡ ❤✐❣❤✲❡♥❡r❣②
❳✲r❛② ♣❤♦t♦♥s ❛r❡ ♥♦t s❡♥s✐t✐✈❡ t♦ s❧✐❣❤t ✇♦r❦ ❢✉♥❝t✐♦♥ ❞✐✛❡r❡♥❝❡s✱ ❳P❊❊▼ ♠❛♣ ❧✐❣❤t
❛♥❞ ❞❛r❦ r❡❣✐♦♥s ❛r❡ ♠❛✐♥❧② ❞✉❡ t♦ ♥❛♥♦❝r②st❛❧ ♠♦r♣❤♦❧♦❣② ✇❤✐❝❤ ❞❡✈✐❛t❡s ❡❥❡❝t❡❞ ❡❧❡❝✲
tr♦♥s✳ ❈♦♥✈❡rs❡❧②✱ ❯❱ ♣❤♦t♦♥s ♠❛t❝❤ ❚✐❖2 ✇♦r❦ ❢✉♥❝t✐♦♥ ❛♥❞ t❤❡ ❧✐❣❤t r❡❣✐♦♥s ♦❢ t❤❡
r❡s✉❧t✐♥❣ s✉r❢❛❝❡ ♠❛♣ ❝♦rr❡s♣♦♥❞ t♦ ❧♦✇❡r ✇♦r❦ ❢✉♥❝t✐♦♥s ❛♥❞ ❤✐❣❤❡r ❞❡♥s✐t② ♦❢ st❛t❡s ✐♥
✈❛❧❡♥❝❡ ❜❛♥❞✳ ❇♦t❤ t❤❡s❡ ❝❤❛r❛❝t❡r✐st✐❝s ✇❡r❡ ♠❡❛s✉r❡❞ ❢♦r r✉t✐❧❡ ✐♥ r❡❧❛t✐♦♥ t♦ ❛♥❛t❛s❡
❜② ❈♦♥❞✉❝t✐✈❡ ❆❋▼ ❛♥❞ ❯❧tr❛✈✐♦❧❡t P❤♦t♦❡❧❡❝tr♦♥ ❙♣❡❝tr♦s❝♦♣②✳ ❘❡s❡❛r❝❤ ♦✉t❝♦♠❡s
s✉❣❣❡st t❤❛t st❛❣❣❡r❡❞ ❜❛♥❞ ❛❧✐❣♥♠❡♥t ❛t r✉t✐❧❡✲❛♥❛t❛s❡ ✐♥t❡r❢❛❝❡s ✐♥ ♠✉❧t✐✲♣❤❛s❡ ❚✐❖2
✐s ❧✐❦❡❧② t♦ ✐♥❞✉❝❡ ❛ ❜❡tt❡r ❝❤❛r❣❡ s❡♣❛r❛t✐♦♥ ❛♥❞ ❛♥ ✐♠♣r♦✈❡♠❡♥t ♦❢ ❡❧❡❝tr♦♥✐❝ ♣r♦♣❡rt✐❡s
❢♦r ♣❤♦t♦✈♦❧t❛✐❝ ❛♣♣❧✐❝❛t✐♦♥s✳
❈❤❛♣t❡r ✷✳ ❚r❛♥s✐t✐♦♥ ♠❡t❛❧ ♦①✐❞❡s✿ ❜❛❝❦❣r♦✉♥❞ ❛♥❞ r❡s❡❛r❝❤ ♦❜❥❡❝t✐✈❡s ✶✺
✭❛✮ ❳P❊❊▼ s✉r❢❛❝❡ ♠❛♣ ✭❛✮ ❛♥❞ ✐♥t❡♥✲
s✐t② ♣r♦✜❧❡ ✭❜✮✱ r❡✈❡❛❧✐♥❣ t❤❡ ❧♦✇❡r ❡♠✐s✲
s✐♦♥ ❢r♦♠ r✉t✐❧❡ ♥❛♥♦❝r②st❛❧s✳
✭❜✮ ❯❱✲P❊❊▼ s✉r❢❛❝❡ ♠❛♣ ✭❛✮ ❛♥❞ ✐♥t❡♥s✐t② ♣r♦✲
✜❧❡ ✭❜✮✱ r❡✈❡❛❧✐♥❣ t❤❡ ❤✐❣❤❡r ❡♠✐ss✐♦♥ ❢r♦♠ r✉t✐❧❡
♥❛♥♦❝r②st❛❧s✳
❋✐❣✉r❡ ✷✳✻✿ ❳✲r❛② ❛♥❞ ❯❧tr❛✈✐♦❧❡t P❤♦t♦❡♠✐ss✐♦♥ ❊❧❡❝tr♦♥ ♠✐❝r♦s❝♦♣② r❡s✉❧ts ❢♦r t❤❡
s❛♠❡ s❛♠♣❧❡ ♦❢ t✇♦✲♣❤❛s❡ ❚✐❖2 ✭❛❢t❡r ❬✶✸❪✮✳
✶✻
❆♥♦t❤❡r r❡❝❡♥t st✉❞②[✶✷] ❛♥❛❧②③❡❞ t❤❡ ❡✛❡❝t ♦❢ ❯❱ ❧✐❣❤t ❛♥❞ ♠♦❧❡❝✉❧❡ ❛❜s♦r♣t✐♦♥
♦♥ t✐t❛♥✐✉♠ ♦①✐❞❡ ❛♥❞ ♠❡❛s✉r❡❞ t❤❡ ❝❤❛♥❣❡s ✐♥ ♣❤♦t♦❧✉♠✐♥❡s❝❡♥❝❡✳ ❚❤✐s ♣❤❡♥♦♠❡♥♦♥
t❛❦❡s ♣❧❛❝❡ ✐♥ ❞❡❢❡❝t s✐t❡s✱ ✇❤❡r❡ ♣❤♦t♦♥✲✐♥❞✉❝❡❞ ❡❧❡❝tr♦♥✲❤♦❧❡ ❝♦✉♣❧❡s t❡♥❞ t♦ r❡❝♦♠❜✐♥❡✳
❚❤❡ r❡s✉❧ts r❡✈❡❛❧ t❤❛t ✉❧tr❛✈✐♦❧❡t ✐rr❛❞✐❛t✐♦♥ ✢❛tt❡♥s t❤❡ ❜❛♥❞ ❞✐❛❣r❛♠ ♦❢ n✲t②♣❡ ❚✐❖2✱
r❡❞✉❝✐♥❣ t❤❡ ❞❡♣❧❡t✐♦♥ ❧❛②❡r ✇✐❞t❤✳ ❚❤❡ ✐♥❝r❡❛s❡❞ ♥✉♠❜❡r ♦❢ ❛✈❛✐❧❛❜❧❡ r❡❝♦♠❜✐♥❛t✐♦♥
s✐t❡s ❡♥❤❛♥❝❡s t❤❡ ♣❤♦t♦❧✉♠✐♥❡s❝❡♥❝❡✱ ✇❤✐❝❤ ♥❡❣❛t✐✈❡❧② ❛✛❡❝ts ♣❤♦t♦✈♦❧t❛✐❝ ♣❡r❢♦r♠❛♥❝❡s
♦❢ t❤❡ ♦①✐❞❡✳ ❖♥ t❤❡ ♦t❤❡r s✐❞❡✱ ♦①②❣❡♥ ❝♦✉❧❞ ♣❧❛② ❛ r♦❧❡ ✐♥ r❡❞✉❝✐♥❣ r❡❝♦♠❜✐♥❛t✐♦♥
♣r♦❝❡ss ✐♥ ❚✐❖2✳ ■t ✇❛s ❞❡♠♦♥str❛t❡❞ t❤❛t ✐t ❝❛♥ ❜❡ r❡✈❡rs✐❜❧② ❛❜s♦r❜❡❞✱ ✐♥❝r❡❛s✐♥❣ t❤❡
✉♣✇❛r❞ ❜❛♥❞ ❜❡♥❞✐♥❣ ❛♥❞ ❞❡❡♣❡♥✐♥❣ t❤❡ ❞❡♣❧❡t✐♦♥ ❧❛②❡r✱ ♦r ✐rr❡✈❡rs✐❜❧② ✐♥t❡❣r❛t❡❞ ✐♥t♦
t❤❡ ♦①✐❞❡ str✉❝t✉r❡✱ ❤❡❛❧✐♥❣ ❖2 ✈❛❝❛♥❝② ❞❡❢❡❝ts ❛♥❞ r❡❞✉❝✐♥❣ ♣❤♦t♦❧✉♠✐♥❡s❝❡♥❝❡✱ t❤✉s
❡♥❤❛♥❝✐♥❣ ❚✐❖2 ♣r♦♣❡rt✐❡s ❢♦r ❡❧❡❝tr♦♥✐❝ ❛♣♣❧✐❝❛t✐♦♥s✳
❈❤❛♣t❡r ✸
❙②♥t❤❡s✐s t❡❝❤♥✐q✉❡s
■♥ ♦r❞❡r t♦ ❤❛✈❡ ❛ ❞❡❡♣ ❝♦♠♣r❡❤❡♥s✐♦♥ ♦❢ t❤❡ ❚r❛♥s✐t✐♦♥ ▼❡t❛❧ ❖①✐❞❡ s❛♠♣❧❡ ❝❤❛r✲
❛❝t❡r✐st✐❝s✱ ✐t ✐s ✐♠♣♦rt❛♥t t♦ ✐♥tr♦❞✉❝❡ ❛♥❞ ✐❧❧✉str❛t❡ t❤❡ t✇♦ ❞✐✛❡r❡♥t ♠❡t❤♦❞s ✉s❡❞
❢♦r ❞❡♣♦s✐t✐♦♥✱ r❡❛❝t✐✈❡ ❉❈✲s♣✉tt❡r✐♥❣ ❛♥❞ t❤❡r♠❛❧ ❡✈❛♣♦r❛t✐♦♥✳ ❙②♥t❤❡s✐s ✇❛s ❝❛rr✐❡❞
♦✉t ❜② ❛♥ ❡♥❣✐♥❡❡r✐♥❣ r❡s❡❛r❝❤ t❡❛♠ ❛t t❤❡ ▼❛❞s ❈❧❛✉s❡♥ ■♥st✐t✉t❡ ♦❢ t❤❡ ❯♥✐✈❡rs✐t②
♦❢ ❙♦✉t❤❡r♥ ❉❡♥♠❛r❦ ✭❙❉❯✮✱ ✐♥ ✇❤✐❝❤ ✇❡ ❝♦❧❧❛❜♦r❛t❡❞ ❞✉r✐♥❣ t❤❡ ❞❡✈❡❧♦♣♠❡♥t ♦❢ t❤✐s
t❤❡s✐s ✇✐t❤ ❉r✳ ▼❛❞s❡♥ ❛♥❞ ❉r✳ ❆❤♠❛❞♣♦✉r✳
✸✳✶ ❘❡❛❝t✐✈❡ ❉❈✲s♣✉tt❡r✐♥❣
❘❡❛❝t✐✈❡ ❉❈✲s♣✉tt❡r✐♥❣ ✐s ❛ P❤②s✐❝❛❧ ❱❛♣♦r ❉❡♣♦s✐t✐♦♥ ✭P❱❉✮ ♠❡t❤♦❞ ✇❤✐❝❤ ❛❧✲
❧♦✇s t♦ ❝♦♥tr♦❧ ♠❛♥② s②♥t❤❡s✐s ♣❛r❛♠❡t❡rs[✶✹]✳ ❚❤❡ ❞❡♣♦s✐t✐♦♥ ✐s ♣❡r❢♦r♠❡❞ ✐♥ ❛ ✈❛❝✉✉♠
❝❤❛♠❜❡r ✇✐t❤ ❛ ♣r❡ss✉r❡ ♦❢ ❛r♦✉♥❞ ✶✵−8 ♠❜❛r✱ ✇❤❡r❡ ❛ ❤✐❣❤ ❡❧❡❝tr✐❝ ✜❡❧❞ ♦❢ r❛❞✐♦ ❢r❡q✉❡♥✲
❝✐❡s ✐♦♥✐③❡s ❛r❣♦♥✱ t❤❡ s♦✲❝❛❧❧❡❞ ❝❛rr✐❡r ❣❛s ♦❢ t❤❡ ♣r♦❝❡ss✳ ❚❤❡ ❛t♦♠s t♦ ❜❡ ❞❡♣♦s✐t❡❞
❛r❡ ✐♥✐t✐❛❧❧② ♦♥ ❛ ♥❡❣❛t✐✈❡ ❜✐❛s❡❞ t❛r❣❡t✱ s♦ t❤❛t t❤❡② ❝❛♥ ❜❡ ❤✐t ❛♥❞ ❦♥♦❝❦❡❞✲♦✛ ❜② t❤❡
❣❛s ♣♦s✐t✐✈❡ ✐♦♥s ✭❆r+✮✳ ❚❤❡ s♣✉tt❡r❡❞ s♣❡❝✐❡s ❛r❡ t❤❡r❡❢♦r❡ ❣✉✐❞❡❞ ✐♥s✐❞❡ t❤❡ ✈❛❝✉✉♠
s②st❡♠ ❛♥❞ ❛ttr❛❝t❡❞ t♦✇❛r❞s t❤❡ ✜♥❛❧ ❞❡♣♦s✐t✐♦♥ ✜❧♠ ❜② ❛ ♣♦s✐t✐✈❡ ✈♦❧t❛❣❡ ❛♣♣❧✐❡❞ t♦
t❤❡ ❧❛tt❡r✳ ■♥ t❤❡ ♣r❡s❡♥t ❝❛s❡ t❛r❣❡t ✐s ♠❛❞❡ ♦❢ ♠♦❧②❜❞❡♥✉♠ ❛t♦♠s ❛♥❞ ❛♥ ♦①②❣❡♥ ✢♦✇
✐s ✐♥tr♦❞✉❝❡❞ ✐♥s✐❞❡ t❤❡ ❝❤❛♠❜❡r ❡♥✈✐r♦♥♠❡♥t✱ s♦ t❤❛t ❛ ❝❤❡♠✐❝❛❧ r❡❛❝t✐♦♥ t❛❦❡s ♣❧❛❝❡
❛♥❞ ♠♦❧②❜❞❡♥✉♠ ♦①✐❞❡ ❝♦✉❧❞ ❜❡ ✜♥❛❧❧② ❞❡♣♦s✐t❡❞✳
❚❤✐s t❡❝❤♥✐q✉❡ ♦✛❡rs t❤❡ ❛❞✈❛♥t❛❣❡ ♦❢ ♠♦♥✐t♦r✐♥❣ ❛♥❞ s❡tt✐♥❣ ❛ r❛♥❣❡ ♦❢ ❝♦♥❞✐t✐♦♥s✱
♥♦t❛❜❧② s♣✉tt❡r✐♥❣ ♣♦✇❡r✱ ❝❛rr✐❡r ❣❛s ✢♦✇ r❛t❡ ✲ t♦ ♠❛✐♥t❛✐♥ t❤❡ s✉✐t❛❜❧❡ ❝❤❛♠❜❡r ♣r❡s✲
s✉r❡✱ t❤❡ ♦①②❣❡♥ ✢♦✇ r❛t❡ ✲ ❝r✉❝✐❛❧ t♦ ♠♦❞✐❢② ❖✿▼♦ r❛t✐♦ ✐♥ ♦①✐❞❡ st♦✐❝❤✐♦♠❡tr② ❛♥❞
t♦ ❡♥❣✐♥❡❡r ❖✲✈❛❝❛♥❝② ♣r❡s❡♥❝❡ ✲ ❛♥❞ t❡♠♣❡r❛t✉r❡ ✲ ✐♠♣♦rt❛♥t t♦ ✐♥✢✉❡♥❝❡ ❝♦♠♣♦✉♥❞
♣r♦♣❡rt✐❡s✳ ❖t❤❡r r❡❧❡✈❛♥t ♣♦s✐t✐✈❡ ❛s♣❡❝ts ♦❢ ❉❈✲s♣✉tt❡r✐♥❣ ❛r❡ s❛t✐s❢❛❝t♦r② s✉r❢❛❝❡ ❝♦✈✲
❡r❛❣❡✱ ✜❧♠ ❤♦♠♦❣❡♥❡✐t② ❛♥❞ t❤✐❝❦♥❡ss ❝♦♥tr♦❧ ✭t❤❛♥❦s t♦ ❛ q✉❛rt③ ❝r②st❛❧ ♠✐❝r♦❜❛❧❛♥❝❡
♣r♦✈✐❞✐♥❣ t❡♥t❤✲♦❢✲❛♥✲❛♥❣str♦♠ t❤✐❝❦♥❡ss s❡♥s✐t✐✈✐t②✮✳
❊✈❡♥ ✐❢ ♦①✐❞❡ str✉❝t✉r❡s s②♥t❤❡s✐③❡❞ ❜② t❤✐s t❡❝❤♥✐q✉❡ ❛r❡ ✉s✉❛❧❧② ❝❤❛r❛❝t❡r✐③❡❞ ❜②
s❤♦rt✲r❛♥❣❡ ♦r❞❡r✱ s✉✐t❛❜❧❡ ♣♦st✲❣r♦✇t❤ tr❡❛t♠❡♥ts ❝❛♥ ❜❡ r❡❛❧✐③❡❞ t♦ ❡✛❡❝t✐✈❡❧② ✐♠♣r♦✈❡
❝r②st❛❧❧✐♥❡ str✉❝t✉r❡ ❛♥❞ ❡♥❤❛♥❝❡ tr❛♥s♣♦rt ♣r♦♣❡rt✐❡s ❛t t❤❡ ✐♥t❡r❢❛❝❡ ✇✐t❤ s❡♠✐❝♦♥❞✉❝✲
t♦r ❛❝t✐✈❡ ❧❛②❡rs ❛♥❞ ✇✐t❤ ♠❡t❛❧❧✐❝ ❡❧❡❝tr♦❞❡s✱ ❛s ❞✐s❝✉ss❡❞ ✐♥ ❞❡t❛✐❧s ✐♥ t❤❡ ❢♦❧❧♦✇✐♥❣
❝❤❛♣t❡rs✳
✶✼
✶✽
✸✳✷ ❚❤❡r♠❛❧ ❡✈❛♣♦r❛t✐♦♥
❚❤❡r♠❛❧ ❡✈❛♣♦r❛t✐♦♥ ✐s ❛♥ ❛❧t❡r♥❛t✐✈❡ P❱❉ t❡❝❤♥✐q✉❡ s✉✐t❛❜❧❡ ❢♦r ❞✐r❡❝t ❞❡♣♦s✐t✐♦♥
♦❢ ♠♦❧②❜❞❡♥✉♠ ♦①✐❞❡ ✐♥ t❤❡ ❢♦r♠ ♦❢ ♣♦✇❞❡r[✶✹]✳
■t t❛❦❡s ♣❧❛❝❡ ✐♥s✐❞❡ ❛ ✈❛❝✉✉♠ ❝❤❛♠❜❡r✱ ✇✐t❤ ❛ ♣r❡ss✉r❡ ♦❢ ✶✵−8 ♠❜❛r ✐♥ t❤❡ ❝❛s❡ ♦❢
❙❉❯ ❢❛❝✐❧✐t②✳ ❚❤❡ ♠❛t❡r✐❛❧s t♦ ❜❡ ❞❡♣♦s✐t❡❞ ❛r❡ ❝♦♥t❛✐♥❡❞ ✐♥ ❝r✉❝✐❜❧❡s t❤❛t ❛r❡ ❤❡❛t❡❞
❜② ❛ ❤✐❣❤ ❡❧❡❝tr✐❝❛❧ ❝✉rr❡♥t s♦ t❤❛t ❡✈❛♣♦r❛t✐♦♥ ✐s r❡❛❧✐③❡❞✳ ❚❤❡ ♠♦❧❡❝✉❧❡s ❛r❡ ❞❡♣♦s✐t❡❞
♦♥ ✜♥❛❧ t❛r❣❡t ❧❛②❡rs ♦♥ t❤❡ t♦♣ ♦❢ t❤❡ ❝❤❛♠❜❡r✱ ♠♦✉♥t❡❞ ✉♣s✐❞❡ ❞♦✇♥ ♦♥ ❛ r♦t❛t✐♥❣
s❛♠♣❧❡ ❤♦❧❞❡r t♦ ❡♥❤❛♥❝❡ ✜❧♠ ✉♥✐❢♦r♠✐t②✳
❊✈❡♥ ✐❢ t❤✐s ♠❡t❤♦❞ ✐s ❡❛s✐❧② r❡❛❧✐③❛❜❧❡✱ ✐t ❞♦❡s ♥♦t ❛❧❧♦✇ ❛ ♣r❡❝✐s❡ ❝♦♥tr♦❧ ♦♥ ❖✿▼♦
r❛t✐♦ ✐♥ t❤❡ ✜❧♠ ❛♥❞ ♦♥ ♦①✐❞❡ ❝r②st❛❧❧✐♥❡ str✉❝t✉r❡✱ t②♣✐❝❛❧❧② r❡s✉❧t✐♥❣ ✐♥ ❛♠♦r♣❤♦✉s
❧❛②❡rs ✇✐t❤ ✇❡❛❦ ❝♦♥❞✉❝t✐✈❡ ♣r♦♣❡rt✐❡s✳
❈❤❛♣t❡r ✹
❈❤❛r❛❝t❡r✐③❛t✐♦♥ t❡❝❤♥✐q✉❡s
❋✐rst ♦❢ ❛❧❧✱ ✐t ✐s ✐♠♣♦rt❛♥t t♦ ✐❧❧✉str❛t❡ t❤❡ ✐♥str✉♠❡♥ts ❛♥❞ t❡❝❤♥✐q✉❡s ❡♠♣❧♦②❡❞ t♦
✐♥✈❡st✐❣❛t❡ t❤❡ s❛♠♣❧❡s✳ ❚❤❡✐r ❛✐♠ ✐s ❜♦t❤ str✉❝t✉r❛❧ ❛♥❞ ❡❧❡❝tr♦♥✐❝ ❝❤❛r❛❝t❡r✐③❛t✐♦♥ ♦❢
▼♦❖x ❛♥❞ ❚✐❖2✱ ✈❛r②✐♥❣ ❢r♦♠ t❤❡ ❛♥❛❧②s✐s ♦❢ ❝r②st❛❧❧✐♥❡ ♠♦r♣❤♦❧♦❣② t♦ t❤❡ ❞❡t❡❝t✐♦♥ ♦❢
❞✐✛❡r❡♥t ❝❤❡♠✐❝❛❧ ❡❧❡♠❡♥ts ♦r t❤❡ st✉❞② ♦❢ ❡♥❡r❣② ❧❡✈❡❧s ✐♥ t❤❡ ♦①✐❞❡s✳
✹✳✶ ❑P❋▼
❑❡❧✈✐♥ ♣r♦❜❡ ❢♦r❝❡ ♠✐❝r♦s❝♦♣② ✭❑P❋▼✮ ❝♦♠❜✐♥❡s ❝❧❛ss✐❝❛❧ ❑❡❧✈✐♥ ♣r♦❜❡ t❡❝❤♥✐q✉❡[✶✺]
✇✐t❤ st❛♥❞❛r❞ ❛t♦♠✐❝ ❢♦r❝❡ ♠✐❝r♦s❝♦♣② ✭❆❋▼✮[✶✻]✱ ✐♥ ♦r❞❡r t♦ ♣r♦❜❡ t❤❡ ❝♦♥t❛❝t ♣♦t❡♥t✐❛❧
❞✐✛❡r❡♥❝❡ ✭❈P❉✮ ❜❡t✇❡❡♥ t❤❡ s❛♠♣❧❡ s✉r❢❛❝❡ ❛♥❞ ❛ ❝♦♥❞✉❝t✐✈❡ t✐♣ ❛t t❤❡ ♥❛♥♦♠❡tr✐❝
❧❡✈❡❧✳ ■ts str❡♥❣t❤ ❝♦♥s✐sts ✐♥ ❣✐✈✐♥❣ ✐♥❢♦r♠❛t✐♦♥ ❛❜♦✉t ❜♦t❤ ♠♦r♣❤♦❧♦❣② ❛♥❞ ❡♥❡r❣② ✐♥
❛♥ ✐♥t✉✐t✐✈❡ ✈✐s✉❛❧ ❢♦r♠ ✲ ❛ s✉r❢❛❝❡ ✐♠❛❣❡✳
✹✳✶✳✶ Pr✐♥❝✐♣❧❡s ♦❢ ♦♣❡r❛t✐♦♥
❆ ❇r✉❦❡r ◆❛♥♦❙❝♦♣❡ ▼✉❧t✐▼♦❞❡ ✽ ❙❝❛♥♥✐♥❣ Pr♦❜❡ ▼✐❝r♦s❝♦♣❡ ✇❛s ✉s❡❞ ✭❛ ♣✐❝t✉r❡
✐s ✈✐s✐❜❧❡ ✐♥ ✜❣✉r❡ ✹✳✶✮❀ ✐t ✐s ❤❡♥❝❡ ✉s❡❢✉❧ t♦ ❡①♣❧❛✐♥ ✐ts ♦♣❡r❛t✐♥❣ ♣r✐♥❝✐♣❧❡s✳
❆ t②♣✐❝❛❧ ❑P❋▼ ♠❡❛s✉r❡♠❡♥t ✐s ♣❡r❢♦r♠❡❞ ❜② ❛ t✇♦✲st❡♣ ♣r♦❝❡❞✉r❡✿
✶✳ ❛ st❛♥❞❛r❞ ❆❋▼ s❝❛♥ t❤❛t r❡❝♦r❞s s✉r❢❛❝❡ t♦♣♦❣r❛♣❤② ❦❡❡♣✐♥❣ t✐♣ ♦s❝✐❧❧❛t✐♦♥ ❛♠✲
♣❧✐t✉❞❡ ♦r ❢r❡q✉❡♥❝② ❝♦♥st❛♥t t❤❛♥❦s t♦ ❛ ❢❡❡❞❜❛❝❦ ❧♦♦♣ ✭❛♠♣❧✐t✉❞❡ ♦r ❢r❡q✉❡♥❝②
♠♦❞✉❧❛t✐♦♥✱ ✐♥❞✐❝❛t❡❞ ❛s ❆▼ ♦r ❋▼✮❀
✷✳ t❤❡ s♦✲❝❛❧❧❡❞ ❧✐❢t s❝❛♥✱ ✇❤✐❝❤ ❢♦❧❧♦✇s t❤❡ ♣r❡✈✐♦✉s ♠♦r♣❤♦❧♦❣② ❛♥❞ ❞❡t❡❝ts s✉r❢❛❝❡
♣♦t❡♥t✐❛❧ ❝❤❛♥❣❡s✳
❈P❉ ✐s ❞❡✜♥❡❞ ❛s
VCPD =
WFt −WFs
e
,
✇❤❡r❡ t✐♣ ❛♥❞ s❛♠♣❧❡ ✇♦r❦ ❢✉♥❝t✐♦♥s ❛r❡ r❡❢❡rr❡❞ t♦ ❛s ❲❋t ❛♥❞ ❲❋s ❛♥❞ e ✐s t❤❡
❡❧❡♠❡♥t❛r② ❝❤❛r❣❡ ✭s❡❡ ✜❣✉r❡ ✹✳✷✮✳ ❲❤❡♥ t❤❡ ♠❡t❛❧❧✐❝ ❆❋▼ t✐♣ ❛♥❞ t❤❡ s❛♠♣❧❡ ❛r❡ ♥♦t
❝♦♥♥❡❝t❡❞✱ t❤❡✐r ✈❛❝✉✉♠ ❧❡✈❡❧s ❛r❡ ❛❧✐❣♥❡❞ ❜✉t t❤❡✐r ❋❡r♠✐ ❡♥❡r❣✐❡s ❛r❡ ♥♦t✳ ❈♦♥t❛❝t
❛❧❧♦✇s ❝❤❛r❣❡ ❡①❝❤❛♥❣❡ ❛♥❞ r❡s♣❡❝t✐✈❡ ❊F ❛❧✐❣♥✱ ❝r❡❛t✐♥❣ ❛♥ ❡❧❡❝tr✐❝ ✜❡❧❞ ♣r♦♣♦rt✐♦♥❛❧ t♦
❱CPD✱ ✇❤✐❝❤ ❝❛♥ ❜❡ ♠❡❛s✉r❡❞ ❛♣♣❧②✐♥❣ t♦ t❤❡ t✐♣ ❛♥ ❛♣♣r♦♣r✐❛t❡ ✈♦❧t❛❣❡ t♦ ❝♦✉♥t❡r❛❝t
t❤❡ t✐♣✲s❛♠♣❧❡ ❢♦r❝❡✳ ■♥ ❑P❋▼ t❡❝❤♥✐q✉❡ ❜♦t❤ ❛ ❞✐r❡❝t ❛♥❞ ❛♥ ❛❧t❡r♥❛t✐♥❣ ✈♦❧t❛❣❡ ✭❱DC
❛♥❞ ❱AC✮ ❛r❡ ✉s❡❞✱ s♦ t❤❛t t❤❡ t♦t❛❧ ♣♦t❡♥t✐❛❧ ❞✐✛❡r❡♥❝❡ ∆❱ ✐s[✶✼]
✶✾
✷✵
❋✐❣✉r❡ ✹✳✶✿ ❇r✉❦❡r ▼✉❧t✐▼♦❞❡ ✽
❆t♦♠✐❝ ❋♦r❝❡ ▼✐❝r♦s❝♦♣❡✱ ✇✐t❤ t❤❡
❛♣♣r♦♣r✐❛t❡ s❝❛♥♥❡r ♠♦✉♥t❡❞ ♦♥ t❤❡
❤❡❛❞ t♦ ♣❡r❢♦r♠ ❑P❋▼ t❡❝❤♥✐q✉❡✳
❋✐❣✉r❡ ✹✳✷✿ ❖♣❡r❛t✐♥❣ ♣r✐♥❝✐♣❧❡s ♦❢ ❑❡❧✈✐♥ ♣r♦❜❡ t❡❝❤♥✐q✉❡✳ ❲❤❡♥ t✐♣ ❛♥❞ s❛♠♣❧❡ ❛r❡
s❡♣❛r❛t❡❞ t❤❡✐r ✈❛❝✉✉♠ ❧❡✈❡❧s ❊v ❛r❡ ❛❧✐❣♥❡❞ ✭❛✮❀ ✇❤❡♥ ❛ ❝♦♥t❛❝t ❜❡t✇❡❡♥ t❤❡♠ ✐s ♠❛❞❡
t❤❡✐r ❋❡r♠✐ ❧❡✈❡❧s ❊fs ❛♥❞ ❊ft ❛❧✐❣♥ ❛♥❞ ❝♦♥t❛❝t ♣♦t❡♥t✐❛❧ ❞✐✛❡r❡♥❝❡ ❱CPD ❝❛♥ ❜❡ ❞❡✲
t❡❝t❡❞✱ ❡q✉❛❧ t♦ t❤❡ ✇♦r❦ ❢✉♥❝t✐♦♥ ❞✐✛❡r❡♥❝❡ φt✲φs ✭❜✮❀ ❛ s✉✐t❛❜❧❡ ✈♦❧t❛❣❡ ❱DC ❝❛♥ ❡q✉❛❧
❱CPD ❛♥❞ ♠❛❦❡ t❤❡ ✈❛❝✉✉♠ ❧❡✈❡❧s ❛❧✐❣♥ ❛❣❛✐♥ ✭❝✮ ✭❛❢t❡r ❬✶✺❪✮✳
❈❤❛♣t❡r ✹✳ ❈❤❛r❛❝t❡r✐③❛t✐♦♥ t❡❝❤♥✐q✉❡s ✷✶
❋✐❣✉r❡ ✹✳✸✿ ❋♦r❝❡✲❞✐st❛♥❝❡ ❝✉r✈❡ ❢♦r
t✐♣✲s❛♠♣❧❡ s②st❡♠✳ ■t ✐s ♣♦ss✐❜❧❡ t♦
❞✐st✐♥❣✉✐s❤ r❡♣✉❧s✐✈❡ ❛♥❞ ❛ttr❛❝t✐✈❡ r❡✲
❣✐♦♥s✱ ✇✐t❤ r❡s♣❡❝t✐✈❡❧② ♣♦s✐t✐✈❡ ❛♥❞
♥❡❣❛t✐✈❡ ❢♦r❝❡ ✭❛❢t❡r ❬✶✺❪✮✳
∆V = VDC + VACsin(ωt)± VCPD, ✭✹✳✶✮
✇❤❡r❡ ω ✐s ❱AC ❢r❡q✉❡♥❝② ❛♥❞ ❱CPD ✐s ❛❞❞❡❞ ✭✰✮ ✐❢ ❱DC ✐s ❛♣♣❧✐❡❞ t♦ t❤❡ s❛♠♣❧❡ ❛♥❞
s✉❜tr❛❝t❡❞ ✭✲✮ ✐❢ ✐t ✐s ❛♣♣❧✐❡❞ t♦ t❤❡ t✐♣✳
▼♦❞❡❧❧✐♥❣ t❤❡ t✐♣✲s❛♠♣❧❡ s②st❡♠ ❛s ❛ ♣❛r❛❧❧❡❧ ♣❧❛t❡ ❝❛♣❛❝✐t♦r✱ ✐ts ❡❧❡❝tr♦st❛t✐❝ ❢♦r❝❡
❋es ❡①♣r❡ss✐♦♥ ✐s
Fes(z) = −
1
2
∆V 2
dC(z)
dz
, ✭✹✳✷✮
✇❤❡r❡ ❞❈✴❞③ ✐s t❤❡ ❝❛♣❛❝✐t❛♥❝❡ ❣r❛❞✐❡♥t ❛♥❞ ③ ❞✐r❡❝t✐♦♥ ✐s ♥♦r♠❛❧ t♦ t❤❡ s❛♠♣❧❡ ❛r❡❛✳
❆❝❝♦r❞✐♥❣ t♦ ✭✹✳✶✮ ❛♥❞ ✭✹✳✷✮✱ ❋es ❤❛s t❤r❡❡ ❝♦♠♣♦♥❡♥ts✿
✶✳ FDC = −∂C(z)∂z [
1
2
(VDC ± VCPD)2]✱
✇❤✐❝❤ ✐s t❤❡ st❛t✐❝ ❝❛♥t✐❧❡✈❡r ❞❡✢❡❝t✐♦♥ ✭❉❈ t❡r♠✮❀
✷✳ Fω = −∂C(z)∂z (VDC ± VCPD)VACsin(ωt)✱
t❤❡ ❝♦♠♣♦♥❡♥t ✇✐t❤ t❤❡ s❛♠❡ ❢r❡q✉❡♥❝② ❛s ❱AC ✈♦❧t❛❣❡ ✭ω t❡r♠✮❀
✸✳ F2ω =
∂C(z)
∂z
V 2AC
4
[cos(2ωt)− 1]✱
✉s❡❢✉❧ ❢♦r ❝❛♣❛❝✐t❛♥❝❡ ♠✐❝r♦s❝♦♣② ✭✷ω t❡r♠✮✳
❚❤❡ ♠❡❛s✉r❡♠❡♥ts ❞✐s♣❧❛②❡❞ ✐♥ t❤✐s t❤❡s✐s ♠❛❦❡ ✉s❡ ♦❢ ❆▼ ♠♦❞❡ ✐♥ t❤❡ ❧✐❢t s❝❛♥✱
s✐♥❝❡ t❤❡ t❤r❡❡ ❢♦r❝❡ ❝♦♠♣♦♥❡♥ts ❛r❡ ❞❡t❡❝t❡❞ ✉s✐♥❣ ❝❛♥t✐❧❡✈❡r ❞❡✢❡❝t✐♦♥ ❛♥❞ ❱DC ✐s
❛❞❥✉st❡❞ t♦ ♥✉❧❧✐❢② t❤❡ ❛♠♣❧✐t✉❞❡ ♦❢ ❋ω✿ t❤✐s ❡♥❛❜❧❡s t♦ ♠❛♣ ❱CPD ❛❧❧ ♦✈❡r t❤❡ s❛♠♣❧❡
s✉r❢❛❝❡✳ ■♥ ♦r❞❡r t♦ s❡♣❛r❛t❡ t♦♣♦❣r❛♣❤✐❝❛❧ ❛♥❞ ❡❧❡❝tr✐❝❛❧ ❞❛t❛ ❝♦❧❧❡❝t❡❞ ❜② t❤❡ s❛♠❡
t✐♣✱ ω ♦❢ ❱AC ✐s ♥♦r♠❛❧❧② ❤✐❣❤❡r t❤❛♥ ♠❡❝❤❛♥✐❝❛❧ ♦s❝✐❧❧❛t✐♦♥ ❢r❡q✉❡♥❝② ♦❢ t❤❡ ❝❛♥t✐❧❡✈❡r✳
▼♦r❡♦✈❡r✱ ♠♦r♣❤♦❧♦❣② ✐s ❡①tr❛❝t❡❞ ❢r♦♠ t❤❡ ✜rst r❡s♦♥❛♥❝❡ ❢r❡q✉❡♥❝② t✐♣ r❡s♣♦♥s❡ ❛♥❞
❱CPD ❢r♦♠ t❤❡ s❡❝♦♥❞✳ ❆♠♣❧✐t✉❞❡ ♠♦❞✉❧❛t✐♦♥ ♠♦❞❡ ❞✐r❡❝t❧② ❞❡t❡❝ts t❤❡ ❡❧❡❝tr♦st❛t✐❝
❢♦r❝❡ ✭✜❣✉r❡ ✹✳✸✮✱ ✇❤❡r❡❛s ❢r❡q✉❡♥❝② ♠♦❞✉❧❛t✐♦♥ ♣❛ss❡s t❤r♦✉❣❤ ❢♦r❝❡ ❣r❛❞✐❡♥t✳ ❚❤✉s✱
❞✉❡ t♦ t❤❡ r❡s♣❡❝t✐✈❡ ❢♦r❝❡ ❛♥❞ ❢♦r❝❡ ❣r❛❞✐❡♥t tr❡♥❞s ✲ t❤❡ ❧❛tt❡r ✐s st❡❡♣❡r ❛♥❞ ❣♦❡s
♠♦r❡ r❛♣✐❞❧② t♦ ③❡r♦✱ ❆▼ ♠♦❞❡ ❡♥s✉r❡s ❛ ✇✐❞❡r ❞❡t❡❝t✐♦♥ r❛♥❣❡✱ ❜✉t ❛❧s♦ ❛ ✇♦rs❡ s♣❛t✐❛❧
r❡s♦❧✉t✐♦♥ ❜❡❝❛✉s❡ r❡s✉❧ts s❤♦✉❧❞ t❛❦❡ ❛❝❝♦✉♥t ❜♦t❤ ♦❢ t✐♣ ❛♥❞ ❝❛♥t✐❧❡✈❡r ✐♥t❡r❛❝t✐♦♥s
✇✐t❤ t❤❡ s❛♠♣❧❡✳ ■♥ ❢❛❝t✱ ♠♦❞❡❧❧✐♥❣ t❤❡ ❆❋▼ t✐♣ ❛s ❛ ❝♦♥❡[✶✼]✱ ✐t ✐s ♣♦ss✐❜❧❡ t♦ ❝❛❧❝✉❧❛t❡
t❤❛t ✐♥ ❆▼ ♠♦❞❡ ♦♥❧② ❧❡ss t❤❛♥ ✺✵✪ ♦❢ ❈P❉ ✐♥❢♦r♠❛t✐♦♥ ✐s ❣❛t❤❡r❡❞ ❜② t❤❡ t✐♣ ❢♦r ❛ ✺
♥♠ ❧✐❢t ❤❡✐❣❤t ❛♥❞ t❤❡ r❡s✉❧t ✐s ✐♥st❡❛❞ ❛♥ ❛✈❡r❛❣❡ ♦✈❡r t❤❡ ✇❤♦❧❡ ❛r❡❛ ❝♦✈❡r❡❞ ❜② t❤❡
❝❛♥t✐❧❡✈❡r✳ ❖♥ t❤❡ ♦t❤❡r s✐❞❡✱ ❋▼ ♠♦❞❡ ❝❛♥ ❣❡t ❛ ✶✵ ♥♠ r❡s♦❧✉t✐♦♥✱ ❝♦❧❧❡❝t✐♥❣ ♠♦r❡ t❤❛♥
✺✵✪ ♦❢ ❈P❉ ❞❛t❛ ✉♣ t♦ ✶✺ ♥♠ ✉♣♦♥ t✐♣ ❡♥❞✱ ❜✉t t❤✐s ♣❛r❛♠❡t❡r r❛♣✐❞❧② ❞❡❣r❛❞❡s ✇❤❡♥
t❤❡ s❝❛♥ ❤❡✐❣❤t ❣r♦✇s t♦ ❤✉♥❞r❡❞s ♦❢ ♥❛♥♦♠❡t❡rs✳
✷✷
❋✐❣✉r❡ ✹✳✹✿ ❙❝❤❡♠❛t✐❝ r❡♣r❡s❡♥t❛t✐♦♥ ♦❢ ❛♥ ❛♣♣r♦❛❝❤✲✇✐t❤❞r❛✇ ❝②❝❧❡ ✐♥ P❡❛❦ ❋♦r❝❡
❑P❋▼ ♠♦❞❡✿ t❤❡ ♣r♦❜❡ ♠♦t✐♦♥ ♦♥ t❤❡ t♦♣ ❛♥❞ t❤❡ ❢♦r❝❡ ❝✉r✈❡ ♦♥ t❤❡ ❜♦tt♦♠[✶✽]✳
❉✉r✐♥❣ t❤❡ t✐♣ s♣❛t✐❛❧ ♠♦t✐♦♥ t♦✇❛r❞s t❤❡ s❛♠♣❧❡ t❤❡ ❢♦r❝❡ ❞❡❝r❡❛s❡s ✐♥ t❤❡ ❛ttr❛❝t✐✈❡
r❡❣✐♠❡ ✭❆✲❇✮ ❛♥❞ st❛rts t♦ ❣r♦✇ ✐♥ t❤❡ r❡♣✉❧s✐✈❡ ♦♥❡ ✲ ✉♣ t♦ P❡❛❦ ❋♦r❝❡ ❈✱ ❝♦rr❡s♣♦♥❞✐♥❣
t♦ t❤❡ ❧❡ss t✐♣✲s❛♠♣❧❡ ❞✐st❛♥❝❡✳ ❚❤✐s ♠❛①✐♠✉♠ ✐♥t❡r❛❝t✐♦♥ ❧❡✈❡❧ ❞♦❡s ♥♦t t②♣✐❝❛❧❧② ❡①❝❡❡❞
✶✵ ♣◆ ❜❡❢♦r❡ t❤❡ t✐♣ r❡tr❛❝ts✳ ❉✉r✐♥❣ ✇✐t❤❞r❛✇✱ ❛❞❤❡s✐♦♥ ❢♦r❝❡s ♠❛✐♥❧② ❞✉❡ t♦ ✇❛t❡r
♣❛rt✐❝❧❡s ✐♥❝r❡❛s❡ t✐♣✲s❛♠♣❧❡ ❛ttr❛❝t✐♦♥ ✭❉✮ ✉♥t✐❧ t❤❡ t✐♣ ♦s❝✐❧❧❛t✐♦♥ ❝♦✉❧❞ st❛rt ❛❣❛✐♥ ✭❊✮✳
❚❤❡ t✐♣✲s❛♠♣❧❡ ❈♦♥t❛❝t t✐♠❡ ✐s ❧✐♠✐t❡❞ t♦ ✷✵✲✷✵✵ µs ❜❡t✇❡❡♥ t❤❡ st❛rt ❛♥❞ t❤❡ ❡♥❞ ♦❢
✐♥t❡r❛❝t✐♦♥ ✐♥ t❤❡ s②st❡♠ ✭❢r♦♠ ❇ t♦ ❉✮✳
✹✳✶✳✷ P❡❛❦ ❋♦r❝❡ ♠♦❞❡
❚❤❡ ♣r❡s❡♥t❡❞ ♠❡❛s✉r❡♠❡♥ts ♠❛❦❡ ✉s❡ ♦❢ ❛ ♣❛rt✐❝✉❧❛r ♦♣❡r❛t✐♦♥ ♠♦❞❡✿ P❡❛❦ ❋♦r❝❡
❑P❋▼✲❆▼✳ ■t ✐s ❛ ❇r✉❦❡r[✶✼][✶✽] ✐♠♣r♦✈❡♠❡♥t ❢♦r ❆❋▼ ♠❡❛s✉r❡♠❡♥ts t❤❛t✱ ✇❤❡♥ ❝♦♠✲
❜✐♥❡❞ ✇✐t❤ ❑❡❧✈✐♥ ♣r♦❜❡ ♣r✐♥❝✐♣❧❡s✱ ❛❧❧♦✇s t♦ ❣❛✐♥ ❜❡tt❡r r❡s♦❧✉t✐♦♥ ❛♥❞ ❛❝❝✉r❛❝② ✐♥
♣♦t❡♥t✐❛❧ ❞❛t❛✳ ❋♦r ❆❋▼ t♦♣♦❣r❛♣❤✐❝❛❧ s❝❛♥s✱ s✐♠♣❧❡ ❚❛♣♣✐♥❣ ♠♦❞❡ ✐s ❛ s❡♠✐✲❝♦♥t❛❝t
♠❡t❤♦❞ ❛♥❞ ✐t ✐♥✈♦❧✈❡s t✐♣ ♦s❝✐❧❧❛t✐♦♥ ♦✈❡r t❤❡ s❛♠♣❧❡ s✉r❢❛❝❡ ♥❡❛r ✐ts r❡s♦♥❛♥❝❡ ❢r❡✲
q✉❡♥❝② ❛♥❞ ❛ ❢❡❡❞❜❛❝❦ ♠❡❝❤❛♥✐s♠ t♦ ❦❡❡♣ t❤❡ ♦s❝✐❧❧❛t✐♦♥ ❛♠♣❧✐t✉❞❡ ❝♦♥st❛♥t✳ ❆❧s♦ ✐♥
P❡❛❦ ❋♦r❝❡✱ ✇❤✐❝❤ ✐s ❛ ❞❡✈❡❧♦♣♠❡♥t ♦❢ ❚❛♣♣✐♥❣ ♠♦❞❡✱ t❤❡ t✐♣ ♦s❝✐❧❧❛t❡s ♥❡❛r t❤❡ s❛♠♣❧❡
❛♥❞ t❤❡ ♠✉t✉❛❧ ✐♥t❡r❛❝t✐♦♥ ✐s ♠♦♥✐t♦r❡❞✱ ❜✉t ✐t ✐s ✇✐t❤❞r❛✇♥ ❜② ❛ ❢❡❡❞❜❛❝❦ ❧♦♦♣ ✇❤❡♥
❢♦r❝❡ r❡❛❝❤❡s ❛ ❧❡✈❡❧ ♦❢ ✶✵ ♣◆✱ ❛s ❝❛♥ ❜❡ s❡❡♥ ✐♥ ✜❣✉r❡ ✹✳✹✿ t❤✐s r❡❞✉❝❡s ❈♦♥t❛❝t t✐♠❡
t♦ ✷✵✲✷✵✵ µs[✶✾] ❛♥❞ ❡♥❛❜❧❡s ❜❡tt❡r ✐♥t❡r❛❝t✐♦♥ ❝♦♥tr♦❧ ✭✉♣ t♦ t❤❡ ♣✐❝♦♥❡✇t♦♥ ♦r❞❡r✮ ❛♥❞
✐♠❛❣❡ r❡s♦❧✉t✐♦♥ ✐♥ ♦r❞❡r t♦ ❛✈♦✐❞ t✐♣ ❛♥❞ s❛♠♣❧❡ ❞❛♠❛❣❡✱ ❡s♣❡❝✐❛❧❧② ❢♦r ♦r❣❛♥✐❝ ❛♥❞
❜✐♦❧♦❣✐❝❛❧ s②st❡♠s✳
❚❤❡r❡❢♦r❡✱ P❡❛❦ ❋♦r❝❡ ❑P❋▼✲❆▼ ❤❛s ❜❡❡♥ ❝❤♦s❡♥ ❛s ❛ ♣r❡❢❡r❡♥t✐❛❧ s❝❛♥♥✐♥❣ ♠❡t❤♦❞
❢♦r t❤❡ ♠❡❛s✉r❡♠❡♥ts ✐❧❧✉str❛t❡❞ ✐♥ t❤✐s t❤❡s✐s✱ ❡✈❡♥ ✐❢ ❛ ❝♦♠♣❛r✐s♦♥ ✇✐t❤ st❛♥❞❛r❞ ❚❛♣✲
♣✐♥❣ ♠♦❞❡ ✇✐❧❧ ❜❡ ❧❛t❡r ❞✐s❝✉ss❡❞✳ ❚❤❡ ♠❛✐♥ ♣❛r❛♠❡t❡rs t♦ ❛❞❥✉st ❞✉r✐♥❣ t❤❡ ❛❝q✉✐s✐t✐♦♥
❛r❡ t❤❡ ✐♠❛❣❡ s✐③❡✱ t❤❡ ♥✉♠❜❡r ♦❢ s❛♠♣❧❡s ♣❡r ❧✐♥❡✱ t❤❡ s❝❛♥ r❛t❡ ❛♥❞ t❤❡ ❤❡✐❣❤t ♦❢ t❤❡
❧✐❢t s❝❛♥✳ ▼♦r❡♦✈❡r✱ ✐t ✐s ♣♦ss✐❜❧❡ t♦ ✐♥tr♦❞✉❝❡ ❛ ♣♦t❡♥t✐❛❧ ♦✛s❡t ❞✉r✐♥❣ ❈P❉ ♠❛♣♣✐♥❣✳
❈❤❛♣t❡r ✹✳ ❈❤❛r❛❝t❡r✐③❛t✐♦♥ t❡❝❤♥✐q✉❡s ✷✸
✹✳✷ ❳P❙ ❛♥❞ ❯P❙
▼♦❧②❜❞❡♥✉♠ ♦①✐❞❡ s❛♠♣❧❡s ✇❡r❡ ❛❧s♦ ❛♥❛❧②③❡❞ ✇✐t❤ ❳✲r❛② ❛♥❞ ❯❧tr❛✈✐♦❧❡t P❤♦t♦❡❧❡❝✲
tr♦♥ ❙♣❡❝tr♦s❝♦♣②✱ ✉s✐♥❣ t❤❡ ❧❛❜ ♣❤♦t♦♥ s♦✉r❝❡s ✐♥ t❤❡ ▲❛❜♦r❛t♦r② ♦❢ ❙✉r❢❛❝❡ ❘❡❛❝t✐✈✐t②
✭▲❘❙✮ ♦❢ ❙♦r❜♦♥♥❡ ❯♥✐✈❡rs✐t②✳
❚❤❡ ♠❛✐♥ ❞✐✛❡r❡♥❝❡s ❜❡t✇❡❡♥ t❤❡s❡ t❡❝❤♥✐q✉❡s ❛♥❞ ❳P❊❊▼ ❞✐s❝✉ss❡❞ ❜❡❧♦✇ ❛r❡ t❤❡
s♣❛t✐❛❧ r❡s♦❧✉t✐♦♥ ✲ t❤❡ ❡♠✐tt❡❞ ❡❧❡❝tr♦♥s ✐♥ ❳P❙✴❯P❙ ❛r❡ ❝♦❧❧❡❝t❡❞ ❢r♦♠ ❛❧❧ t❤❡ s✉r❢❛❝❡
✉♥❞❡r t❤❡ ❜❡❛♠ ✲ ❛♥❞ t❤❡ ✜①❡❞ ♣❤♦t♦♥ ❡♥❡r❣② ✐♥st❡❛❞ ♦❢ t❤❡ t✉♥❛❜❧❡ hν ✐♥ s②♥❝❤r♦tr♦♥
❳P❊❊▼✳
❚❤❡ ✉s❡ ♦❢ ❳✲r❛② ♦r ❯❱ ♣❤♦t♦♥s ❛s ✇❡❧❧ ❛s t❤❡ ❛♣♣❧✐❝❛t✐♦♥ ♦❢ ❛ s❛♠♣❧❡ ❜✐❛s ✐s s✉✐t❛❜❧❡
❢♦r ❞✐✛❡r❡♥t ♣✉r♣♦s❡s ✐♥ t❤❡ ❛♥❛❧②s✐s✳ ■♥ t❤❡ ❝❛s❡ ♦❢ ❳P❙ ❛♥❞ ❯P❙ ✇✐t❤ ♥♦ ❜✐❛s✱ t❤❡
❡①♣❡r✐♠❡♥t❛❧ ❝♦♥✜❣✉r❛t✐♦♥ ✐s s❤♦✇♥ ✐♥ ✜❣✉r❡ ✹✳✺✿ t❤❡✐r ❛✐♠ ✐s t♦ ♦❜t❛✐♥ ❝♦r❡ ❛♥❞ ✈❛❧❡♥❝❡
❜❛♥❞ ❡❧❡❝tr♦♥ ❜✐♥❞✐♥❣ ❡♥❡r❣✐❡s✱ r❡s♣❡❝t✐✈❡❧②✳
P❤♦t♦♥s st❛rt t♦ ❡①tr❛❝t ❡❧❡❝tr♦♥s ♦❢ ❛ s♣❡❝✐✜❝ ❡❧❡♠❡♥t ✇❤❡♥ t❤❡② ♠❛t❝❤ t❤❡ ❜✐♥❞✐♥❣
❡♥❡r❣② ❊B ♦❢ t❤❡ ♦r❜✐t❛❧ t♦ ❜❡ ❛♥❛❧②③❡❞✱ ❛❝❝♦r❞✐♥❣ t♦
EK = hν − EB −WFS,
✇❤❡r❡ ❊K r❡♣r❡s❡♥ts t❤❡ ❦✐♥❡t✐❝ ❡♥❡r❣② ♦❢ t❤❡ ♣❤♦t♦❡❧❡❝tr♦♥s ❛♥❞ ❲❋S ✐s t❤❡ s❛♠♣❧❡
✇♦r❦ ❢✉♥❝t✐♦♥✳
❋✐❣✉r❡ ✹✳✺✿ ❇❛♥❞ ❞✐❛❣r❛♠ s❝❤❡♠❡ ❢♦r t❤❡ s❛♠♣❧❡✲❛♥❛❧②③❡r s②st❡♠ ✐♥ ❳P❙✴❯P❙✱ ✇✐t❤ t❤❡
✐♥❞✐❝❛t✐♦♥ ♦❢ s❛♠♣❧❡ ❛♥❞ ❛♥❛❧②③❡r ✇♦r❦ ❢✉♥❝t✐♦♥s ❲❋S ❛♥❞ ❲❋A ❛♥❞ t❤❡✐r ❞✐✛❡r❡♥❝❡
∆❲❋❀ t❤❡✐r ✈❛❝✉✉♠ ❧❡✈❡❧s ❊V S ❛♥❞ ❊AS ❛♥❞ ❋❡r♠✐ ❡♥❡r❣✐❡s ❊FS ❛♥❞ ❊AS❀ ♣❤♦t♦❡❧❡❝tr♦♥
❦✐♥❡t✐❝ ❡♥❡r❣✐❡s ❛t s❛♠♣❧❡ ❛♥❞ ❛♥❛❧②③❡r ❊K ❛♥❞ ❊
′
K ❀ ❜✐♥❞✐♥❣ ❡♥❡r❣② ❊B ♦❢ t❤❡ ❡❧❡❝tr♦♥
❡− ❛♥❞ ♣❤♦t♦♥ ❡♥❡r❣② hν✳
❚❤❡ ❦✐♥❡t✐❝ ❡♥❡r❣② ❞❡t❡❝t❡❞ ✐♥ t❤❡ ❛♥❛❧②③❡r ❝❛♥ ❜❡ t❤❡♥ ❡①♣r❡ss❡❞ ❛s
E
′
K = hν − EB −WFA,
✇❤❡r❡ ♣❤♦t♦♥ ❡♥❡r❣② hν ❛♥❞ t❤❡ ❛♥❛❧②③❡r ✇♦r❦ ❢✉♥❝t✐♦♥ ❲❋A ❛r❡ ❡①♣❡r✐♠❡♥t❛❧ ♣❛r❛♠✲
❡t❡rs✱ ✇❤✐❧❡ ❊
′
K ✱ t❤❡ ❡❧❡❝tr♦♥ ❦✐♥❡t✐❝ ❡♥❡r❣② ❡♥t❡r✐♥❣ t❤❡ ❛♥❛❧②③❡r✱ ✐s ♠❡❛s✉r❡❞✳ ❆♥
❡①❛♠♣❧❡ ♦❢ ❛♥ ❳P❙ ♦✈❡r✈✐❡✇ ♦❢ ❞✐✛❡r❡♥t ❡❧❡♠❡♥t❛❧ ♣❡❛❦s ❢♦r ▼♦❖x ✐s ♣r♦✈✐❞❡❞ ✐♥ ✜❣✉r❡
✹✳✻✳
❈♦♥✈❡rs❡❧②✱ ♥❡❣❛t✐✈❡ s❛♠♣❧❡ ♣♦❧❛r✐③❛t✐♦♥ ✐♥ ❯P❙ ✐s ♥❡❝❡ss❛r② t♦ ❛❧❧♦✇ ❛❧❧ t❤❡ ❡❧❡❝tr♦♥s
❡❥❡❝t❡❞ ❜② t❤❡ ❜❡❛♠ t♦ ❡♥t❡r t❤❡ ❛♥❛❧②③❡r ✇✐t❤♦✉t ❜❡✐♥❣ st♦♣♣❡❞ ✭✇❤✐❝❤ ✇♦✉❧❞ ❤❛♣♣❡♥
✐❢ t❤❡ ❛♥❛❧②③❡r ✈❛❝✉✉♠ ❧❡✈❡❧ ❊V A ✇❛s ❤✐❣❤❡r t❤❛♥ t❤❡ s❛♠♣❧❡ ❊V S✮✳ ■♥ t❤✐s r❡❣✐♠❡✱ ❢r♦♠
✷✹
❋✐❣✉r❡ ✹✳✻✿ ❖✈❡r✈✐❡✇ ♦❢ ❳P❙
s♣❡❝tr❛ r❡❧❛t✐✈❡ t♦ t❤❡ s♣✉t✲
t❡r❡❞ ▼♦❖x s❛♠♣❧❡ ♦♥ ■❚❖
❛t r♦♦♠ t❡♠♣❡r❛t✉r❡✳ ❚❤❡
♠❛✐♥ ♣❡❛❦s ❛r❡ ❧❛❜❡❧❧❡❞ ✇✐t❤
t❤❡ ❝♦rr❡s♣♦♥❞✐♥❣ ❡❧❡♠❡♥t❛❧
♦r❜✐t❛❧s✳
❋✐❣✉r❡ ✹✳✼✿ ❊①❛♠♣❧❡ ♦❢ ✇♦r❦
❢✉♥❝t✐♦♥ ❡①tr❛❝t✐♦♥ ❢r♦♠ ❛ s❡❝✲
♦♥❞❛r② ❝✉t♦✛ ❣r❛♣❤✱ ✐♥ t❤❡
❝❛s❡ ♦❢ ▼♦❖x s♣✉tt❡r❡❞ ♦♥
■❚❖ ❛♥❞ ❛♥♥❡❛❧❡❞ ❛t ✶✺✵➦❈✱
s❡tt✐♥❣ ❛ ✲✶✽ ❱ ❜✐❛s✳ ❚❤❡ r❡❢✲
❡r❡♥❝❡ ❋❡r♠✐ ❧❡✈❡❧ ❊F ❤❛s ❜❡❡♥
❞❡t❡r♠✐♥❡❞ ✐♥ ❛ ♣r❡✈✐♦✉s ♠❡❛✲
s✉r❡♠❡♥t ♦♥ ❛ ❆✉✶✶✶ s❛♠♣❧❡✳
t❤❡ ❞✐✛❡r❡♥❝❡ ❜❡t✇❡❡♥ t❤❡ s❡❝♦♥❞❛r② ❝✉t♦✛ ❊SC ❛♥❞ t❤❡ ✈❛❧❡♥❝❡ ❜❛♥❞ ❡❞❣❡ ✭❊F,ref ♦❢ ❛
r❡❢❡r❡♥❝❡ ♠❡t❛❧❧✐❝ s❛♠♣❧❡✮ t❤❡ s✉r❢❛❝❡ ✇♦r❦ ❢✉♥❝t✐♦♥ ❝❛♥ ❜❡ ♦❜t❛✐♥❡❞✿
ESC − EF,ref = hν −WFS. ✭✹✳✸✮
❆♥ ❡①❛♠♣❧❡ ♦❢ t❤❡ ✇♦r❦ ❢✉♥❝t✐♦♥ ❡①tr❛❝t✐♦♥ ♣r♦❝❡❞✉r❡ ✐s s❤♦✇♥ ✐♥ ✜❣✉r❡ ✹✳✼✱ ✇❤❡r❡
t❤❡ s❡❝♦♥❞❛r② ❡❧❡❝tr♦♥ ❡♥❡r❣② ❊SC ✐s ♦❜t❛✐♥❡❞ ❢r♦♠ t❤❡ ✐♥t❡rs❡❝t✐♦♥ ❜❡t✇❡❡♥ t❤❡ ❧✐♥❡❛r
✜t ♦♥ t❤❡ ♠❛✐♥ ❝✉t♦✛ s❧♦♣❡ ❛♥❞ t❤❡ ❤♦r✐③♦♥t❛❧ t❛♥❣❡♥t t♦ t❤❡ ❜❛❝❦❣r♦✉♥❞ ✐♥t❡♥s✐t②✳
✹✳✸ ❙②♥❝❤r♦tr♦♥ t❡❝❤♥✐q✉❡s
✹✳✸✳✶ ▲❊❊▼
▲♦✇ ❊♥❡r❣② ❊❧❡❝tr♦♥ ▼✐❝r♦s❝♦♣② ✭▲❊❊▼✮✱ ♣❡r❢♦r♠❡❞ ❛t ❙❖▲❊■▲ s②♥❝❤r♦tr♦♥ ❢❛❝✐❧✐t②✱
✐s ❛♥ ✐♥✈❡st✐❣❛t✐♦♥ ♠❡t❤♦❞ s❤❛r✐♥❣ s♦♠❡ ❝❤❛r❛❝t❡r✐st✐❝s ✇✐t❤ ❳P❊❊▼✱ ❜✉t ✐t ✐s ❜❛s❡❞ ♦♥
❡❧❡❝tr♦♥s r❛t❤❡r t❤❛♥ ♣❤♦t♦♥s✳ ❆♥ ❡❧❡❝tr♦♥ ❣✉♥ ❝♦✉❧❞ ❜❡ ❢♦❝✉s❡❞ ♦♥ t❤❡ s❛♠♣❧❡ ✐♥st❡❛❞ ♦❢
t❤❡ ❳✲r❛②s ❛♥❞ t❤❡ ❛♥❛❧②③❡r ❝♦❧❧❡❝ts t❤❡ ❝❤❛r❣❡s r❡✢❡❝t❡❞ ❜② t❤❡ s✉r❢❛❝❡✳ ■♥ t❤✐s ❝❛s❡ t❤❡
❈❤❛♣t❡r ✹✳ ❈❤❛r❛❝t❡r✐③❛t✐♦♥ t❡❝❤♥✐q✉❡s ✷✺
❋✐❣✉r❡ ✹✳✽✿ ▲❊❊▼ s♣❡❝tr❛ ♦❢ ❞✐✛❡r❡♥t s✉r❢❛❝❡ s✐t❡s ✐♥❞✐❝❛t❡❞ ♦♥ t❤❡ ♦✈❡r❛❧❧ s❛♠♣❧❡ ♠❛♣✳
❚❤❡ ♠❡❛s✉r❡♠❡♥ts ❛r❡ r❡❢❡rr❡❞ t♦ s♣✉tt❡r❡❞ ❚✐❖2 ❤❡❛t❡❞ ❛t ∼✶✵✵➦❈✳ ❋❖❱ ❂ ✷✵ µ♠❀
❙❚❱ ❂ ✵✳✼✺ ❡❱✳
❝❤❛r❣❡ ❡♥❡r❣✐❡s ❛r❡ ✈❛r✐❡❞ r❡❝♦r❞✐♥❣ ❛ s❡r✐❡s ♦❢ ✷❉ ♠❛♣s✿ ✇❤❡♥ t❤❡ ❡❧❡❝tr♦♥s ♦✈❡r❝♦♠❡
t❤❡ ✇♦r❦ ❢✉♥❝t✐♦♥ ❲❋S✱ ❛ ❞r♦♣ ✐♥ t❤❡ r❡✢❡❝t❡❞ ✐♥t❡♥s✐t② ✐s ♦❜s❡r✈❡❞✳ ■t ✐s ❤❡♥❝❡ ♣♦ss✐❜❧❡
t♦ ✈✐s✉❛❧✐③❡ ✇♦r❦ ❢✉♥❝t✐♦♥ ❞✐✛❡r❡♥❝❡s ♦♥ t❤❡ ♠❛t❡r✐❛❧✱ ❛s ✇❡❧❧ ❛s t♦ ❛♥❛❧②③❡ s✐♥❣❧❡ ♣✐①❡❧s
♦r ❘❖■s✱ ❡✈❡♥ ✐❢ ❡①tr❛❝t✐♦♥ ♦❢ q✉❛♥t✐t❛t✐✈❡ ❞❛t❛ ❛❜♦✉t ❛❜s♦❧✉t❡ ✇♦r❦ ❢✉♥❝t✐♦♥s r❡q✉✐r❡s ❛
♣r❡❝✐s❡ ❝❛❧✐❜r❛t✐♦♥ ♣r♦❝❡❞✉r❡ ✇✐t❤ ❞❡t❡r♠✐♥❛t✐♦♥ ♦❢ ❝❛t❤♦❞❡ ❲❋ ❜② ❛ r❡❢❡r❡♥❝❡ s❛♠♣❧❡✳
❚❤❡ ❝✉t♦✛ ♣♦s✐t✐♦♥ ♦♥ t❤❡ s♣❡❝tr❛ ❝❛♥ ❜❡ ♦❜t❛✐♥❡❞ ❢r♦♠ t❤❡ ✐♥t❡rs❡❝t✐♦♥ ❜❡t✇❡❡♥ t❤❡
❝✉t♦✛ ❧✐♥❡❛r ✜t ❛♥❞ t❤❡ t❛♥❣❡♥t t♦ t❤❡ ❤✐❣❤ ✐♥t❡♥s✐t② r❡❣✐♦♥ ❜❡❢♦r❡ t❤❡ ❞r♦♣✳
❚❤❡ ❡①❛♠♣❧❡ ✐♥ ✜❣✉r❡ ✹✳✽ s❤♦✇s ❤♦✇ ✐t ✐s ♣♦ss✐❜❧❡ t♦ ❛♥❛❧②③❡ s✐♥❣❧❡ ♣✐①❡❧s t♦ ❞❡t❡❝t
❞✐✛❡r❡♥t ✇♦r❦ ❢✉♥❝t✐♦♥s ♦♥ t❤❡ s✉r❢❛❝❡✳
✹✳✸✳✷ ❳P❊❊▼
■♥ ♦r❞❡r t♦ ❣♦ ❢✉rt❤❡r ✐♥ t❤❡ s❛♠♣❧❡ ❝❤❛r❛❝t❡r✐③❛t✐♦♥ ❛♥❞ t♦ ✉♥❞❡rst❛♥❞ ✐♥ ❞❡t❛✐❧
t❤❡ str✉❝t✉r❛❧ ❛♥❞ ❝❤❡♠✐❝❛❧ ♣r♦♣❡rt✐❡s ♦❢ t❤❡ ♦①✐❞❡s✱ ❛ s❡r✐❡s ♦❢ ♠❡❛s✉r❡♠❡♥ts ❤❛s ❜❡❡♥
♣❡r❢♦r♠❡❞ ❜❡❛♠❧✐♥❡ ❍❊❘▼❊❙ ❛t t❤❡ ❙❖▲❊■▲ s②♥❝❤r♦tr♦♥ ❢❛❝✐❧✐t②✳ ❚❤❡ ❡①♣❡r✐♠❡♥t❛❧
t❡❝❤♥✐q✉❡ ❝❛❧❧❡❞ ❳P❊❊▼ ✭❳✲r❛② P❤♦t♦❡♠✐ss✐♦♥ ❊❧❡❝tr♦♥ ♠✐❝r♦s❝♦♣②✱ ❛ s❝❤❡♠❡ ✐s ♣r♦✲
✈✐❞❡❞ ✐♥ ✜❣✉r❡ ✹✳✾✮ ✐s ❜❛s❡❞ ♦♥ t❤❡ ❡❧❡❝tr♦♥ ❡❥❡❝t✐♦♥ ❢r♦♠ t❤❡ s❛♠♣❧❡ s✉r❢❛❝❡ ❞✉❡ t♦ t❤❡
♣❤♦t♦❡❧❡❝tr✐❝ ❡✛❡❝t✱ ❜✉t ✐t ❤❛s t❤❡ ❛❞✈❛♥t❛❣❡ ♦❢ ❛♥ ❡♥❤❛♥❝❡❞ s♣❛t✐❛❧ r❡s♦❧✉t✐♦♥✳ ■♥ ❢❛❝t✱
❡❧❡❝tr♦♥s ❛r❡ ♥♦t ❝♦❧❧❡❝t❡❞ ❢r♦♠ t❤❡ ✇❤♦❧❡ s❛♠♣❧❡ ❛s ✐♥ tr❛❞✐t✐♦♥❛❧ ❳P❙✱ ❜✉t ✐t ✐s ♣♦ss✐❜❧❡
t♦ ❞❡t❡❝t t❤❡ s✉r❢❛❝❡ ♣♦✐♥t ✇❤❡r❡ t❤❡② ❝♦♠❡ ❢r♦♠ ✉♣ t♦ ❛ r❡s♦❧✉t✐♦♥ ♦❢ ✶✺ ♥♠✳ ❚❤❡ s♠❛❧❧
s♦❧✐❞ ❛♥❣❧❡ ❛❝❝❡♣t❛♥❝❡ ♦❢ t❤❡ ❛♣♣❛r❛t✉s ✐s r❡❛❝❤❡❞ ❜② ❛♣♣❧②✐♥❣ ❛ ✲✷✵ ❦❱ ❜✐❛s ❜❡t✇❡❡♥ t❤❡
s❛♠♣❧❡ ❛♥❞ t❤❡ ❡❧❡❝tr♦st❛t✐❝ ❧❡♥s❡s✱ ❛s ❡①♣❧❛✐♥❡❞ ✐♥ t❤❡ ❢♦❧❧♦✇✐♥❣✳ ❚❤✐s ❛❧❧♦✇s t♦ st✉❞② ✐♥
❞❡t❛✐❧ t❤❡ ♣r♦♣❡rt✐❡s ♦❢ ❞✐✛❡r❡♥t s✉r❢❛❝❡ r❡❣✐♦♥s ❛♥❞ t♦ ❞❡t❡❝t t❡①t✉r❡ ❛♥❞ ❝r②st❛❧❧✐♥✐t②
❝❤❛♥❣❡s ❞✉r✐♥❣ t❤❡ ❛♥♥❡❛❧✐♥❣ ♣r♦❝❡ss ♦r ❜❡❛♠ ❡①♣♦s✉r❡✳
■♥ t❤❡ ❡①♣❡r✐♠❡♥t❛❧ s❡t✲✉♣✱ t❤❡ s②♥❝❤r♦tr♦♥ ❜❡❛♠ ❝♦❧❧✐❞❡s ♦♥t♦ t❤❡ s❛♠♣❧❡ s✉r❢❛❝❡
❢r♦♠ ❛♥ ✉♥❞✉❧❛t♦r ✇❤✐❝❤ t✉♥❡s t❤❡ ♣❤♦t♦♥ ❡♥❡r❣② hν✱ ❡①tr❛❝t✐♥❣ ❝❤❛r❣❡s ✇❤❡♥ ♠❛t❝❤✐♥❣
t❤❡✐r ❊B✳ ❆ ♣♦t❡♥t✐❛❧ ♦❢ ✲✷✵ ❦❱ ✐s t❤❡♥ ❛♣♣❧✐❡❞ t♦ t❤❡ ❡❥❡❝t❡❞ ❡❧❡❝tr♦♥s t♦ ❛❝❝❡❧❡r❛t❡
t❤❡♠ t♦✇❛r❞s t❤❡ ❛♥❛❧②③❡r✱ ✇❤❡r❡ t❤❡② ❛r❡ ❢♦❝✉s❡❞ ❜② ♠❡❛♥s ♦❢ ❡❧❡❝tr♦st❛t✐❝ ❧❡♥s❡s✳
❉✉r✐♥❣ ❡✈❡r② s❝❛♥ ❛ ✈♦❧t❛❣❡ ❛♣♣❧✐❡❞ t♦ t❤❡ s❛♠♣❧❡ ✭❙t❛rt ❱♦❧t❛❣❡ ❙❚❱✮ ✐s ✈❛r✐❡❞ t♦
s❡❧❡❝t t❤❡ ❡❧❡❝tr♦♥s ❛❝❝♦r❞✐♥❣ t♦ t❤❡✐r ❦✐♥❡t✐❝ ❡♥❡r❣② ✭t❤❡r❡❢♦r❡ t♦ t❤❡✐r ❜✐♥❞✐♥❣ ❡♥❡r❣②
✐♥ t❤❡ s❛♠♣❧❡✮✳ ❋✐♥❛❧❧②✱ ❛ s♣❡❝✐✜❝ s♦❢t✇❛r❡ ❝♦❧❧❡❝ts t❤❡ ❞❛t❛ ❛♥❞ ❞✐s♣❧❛②s t❤❡♠ ❛s ❛ s❡r✐❡s
✷✻
❋✐❣✉r❡ ✹✳✾✿ ❳P❊❊▼ ❛♣♣❛r❛t✉s s❝❤❡♠❡✳ ❚❤❡ ❤✐❣❤ ✈♦❧t❛❣❡ ✭✲✷✵ ❦❱✮ ❜❡t✇❡❡♥ t❤❡ s❛♠♣❧❡
❛♥❞ t❤❡ ❡❧❡❝tr♦st❛t✐❝ ❧❡♥s❡s ❛❝❝❡❧❡r❛t❡s t❤❡ ❝❤❛r❣❡s ❡♠✐tt❡❞ ❜② ❳✲r❛②s ❛♥❞ ❝♦❧❧❡❝ts ♦♥❧②
t❤❡ ♦♥❡s ❡❥❡❝t❡❞ ✇✐t❤ ❛ s♣❡❝✐✜❝ ❞✐r❡❝t✐♦♥ ✭♣❡r♣❡♥❞✐❝✉❧❛r t♦ t❤❡ s✉r❢❛❝❡✮✳ ❚❤❡ ❢✉rt❤❡r
s❛♠♣❧❡✲❛♥❛❧②③❡r ♣♦t❡♥t✐❛❧ ✭❙t❛rt ❱♦❧t❛❣❡ ❙❚❱✮ s❡❧❡❝ts t❤❡ ❦✐♥❡t✐❝ ❡♥❡r❣② ♦❢ t❤❡ ❡❧❡❝tr♦♥s
❛rr✐✈✐♥❣ ♦♥ t❤❡ ❞❡t❡❝t♦r✳ ❚❤❡ t②♣✐❝❛❧ s❡t✲✉♣ ❤❛s ❛ ✜①❡❞ ❡♥❡r❣② ❛❝❝❡♣t❛♥❝❡ s❧✐t ❛♥❞ t❤❡
❡♠✐ss✐♦♥ s♣❡❝tr✉♠ ✐s ❛❝q✉✐r❡❞ ❜② ❝❤❛♥❣✐♥❣ t❤❡ ❙❚❱ ✭❛❢t❡r ❬✷✵❪✮✳
♦❢ ✐♠❛❣❡s ✇❤❡r❡ t❤❡ ❝♦❧♦r s❝❛❧❡ r❡♣r❡s❡♥ts t❤❡ ✐♥t❡♥s✐t② ♦❢ t❤❡ ❝❤❛r❣❡ ❡♠✐ss✐♦♥ ❢♦r ❡✈❡r②
s✉r❢❛❝❡ ♣♦✐♥t✳ ■t ✐s ♣♦ss✐❜❧❡ t♦ s❡❧❡❝t ❛ s♣❡❝✐❛❧ r❡❣✐♦♥ ♦❢ ✐♥t❡r❡st ✭❘❖■✮ t♦ ♦❜t❛✐♥ ✐ts
✐♥t❡♥s✐t② ✈s ✈♦❧t❛❣❡ ❝❤❛rt ✇✐t❤ t❤❡ ❛ss♦❝✐❛t❡❞ ❡♠✐ss✐♦♥ ♣❡❛❦s✳
❚❤❡ t❡❝❤♥✐q✉❡ ❛❧❧♦✇s t♦ ❛❝q✉✐r❡ ✐♥❢♦r♠❛t✐♦♥ ❢r♦♠ t❤❡ ✐♠❛❣❡ ♣❧❛♥ ❛s ✐♥ ❛♥ ❡❧❡❝tr♦♥
♠✐❝r♦s❝♦♣❡✱ ✇✐t❤ ❛ ✇❡❧❧✲r❡s♦❧✈❡❞ ❞❡t❡❝t✐♦♥ ♦❢ ✇❤✐❝❤ s✉r❢❛❝❡ ♣♦s✐t✐♦♥ t❤❡ ❝❤❛r❣❡s ❛r❡
❡♠✐tt❡❞ ❢r♦♠✱ ❛s ❢♦r t❤❡ ❞❛t❛ ♣r❡s❡♥t❡❞ ✐♥ t❤✐s t❤❡s✐s✳ ❙✐♥❝❡ ❡✈❡r② s❝❛♥ r❡s✉❧ts ✐♥ ❛
❝♦❧❧❡❝t✐♦♥ ♦❢ s✉❝❝❡ss✐✈❡ ✐♠❛❣❡s ❛t ❞✐✛❡r❡♥t ❦✐♥❡t✐❝ ❡♥❡r❣✐❡s✱ ✐t ✐s ❛❧s♦ ♣♦ss✐❜❧❡ t♦ ❛♥❛❧②③❡
t❤❡ ❜❡❤❛✈✐♦r ♦❢ s❛♠♣❧❡ s✐t❡s ✐♥ ❞✐✛❡r❡♥t r❛♥❣❡s✱ ❢♦r ❡①❛♠♣❧❡ ❞❡t❡❝t✐♥❣ ❛♥ ✐♥✈❡rs✐♦♥ ♦❢ t❤❡
❝♦♥tr❛st ❜❡t✇❡❡♥ ♣♦✐♥ts✳
■♥❢♦r♠❛t✐♦♥ ❛❝q✉✐r❡❞ ❜② ❳P❊❊▼
❙❛♠♣❧❡ ❡❧❡♠❡♥t ♦r❜✐t❛❧s ❯♥❧✐❦❡ t❤❡ ❳P❙ ♣❡r❢♦r♠❡❞ ✇✐t❤ ❛ ❧❛❜♦r❛t♦r② ❳✲r❛② s♦✉r❝❡
✇❤✐❝❤ ♣r♦✈✐❞❡s ♣❤♦t♦♥ ✇✐t❤ ✜①❡❞ ❡♥❡r❣✐❡s✱ t❤❡ s②♥❝❤r♦tr♦♥ ❜❡❛♠ ❝❛♥ ❜❡ s❡t ❛t ❞✐✛❡r❡♥t
hν ✐♥ ♦r❞❡r t♦ ✐♥✈❡st✐❣❛t❡ t❤❡ ♦r❜✐t❛❧s ♦❢ s❛♠♣❧❡ ❡❧❡♠❡♥ts✳ ❊✈❡r② ♠❡❛s✉r❡♠❡♥t ♦♥❧② s❝❛♥s
❛ ❧✐♠✐t❡❞ ❡♥❡r❣② r❛♥❣❡ ❛r♦✉♥❞ t❤❡ ♣❡❛❦ ♦❢ ✐♥t❡r❡st ❛♥❞ t❤❡ r❡s✉❧ts ❞♦ ♥♦t ✐♥❝❧✉❞❡ ♦✈❡r✈✐❡✇
❣r❛♣❤s ✇✐t❤ ❛❧❧ t❤❡ ❝❤❡♠✐❝❛❧ s♣❡❝✐❡s✳ ❋✐❣✉r❡ ✹✳✶✵ ♣r♦✈✐❞❡s ❛♥ ❡①❛♠♣❧❡ ♦❢ ❤♦✇ ♣♦✇❡r❢✉❧
❳P❊❊▼ ✐s ✐♥ s♣❛t✐❛❧❧② ❛♥❞ ❝❤❡♠✐❝❛❧❧② r❡s♦❧✈✐♥❣ t❤❡ s❛♠♣❧❡ ❢❡❛t✉r❡s✿ ♦♥ ❛ s✉r❢❛❝❡ r❡❣✐♦♥
✇✐t❤ ❛ ❞✐❛♠❡t❡r ♦❢ ✷✵ µ♠ ✐t ✐s ♣♦ss✐❜❧❡ t♦ ❤✐❣❤❧✐❣❤t ❛ ❧❛❝❦ ♦❢ ♠♦❧②❜❞❡♥✉♠ ✐♥ ❛ s♠❛❧❧
♣♦rt✐♦♥ ♦❢ ✐t✳ ❊✈❡♥ ✐❢ t❤❡ ♣❡r❢♦r♠❡❞ ♠❡❛s✉r❡♠❡♥ts ♣r❡s❡♥t❡❞ ✐♥ t❤✐s t❤❡s✐s ❞✐❞ ♥♦t r❡❛❝❤
t❤❡ t❤❡♦r❡t✐❝❛❧ ♦♥❡ ♦❢ ✶✺ ♥♠✱ ❛ r❡s♦❧✉t✐♦♥ ♦❢ ∼✶✵✵ ♥♠ ✇❛s ❡st✐♠❛t❡❞✳
❙❡❝♦♥❞❛r② ❡❧❡❝tr♦♥ ❝✉t♦✛ ❆❝q✉✐r✐♥❣ s❡❝♦♥❞❛r② ❡❧❡❝tr♦♥ ❝✉t♦✛ s♣❡❝tr❛ ❛❧❧♦✇s t♦
♦❜t❛✐♥ t❤❡ ✇♦r❦ ❢✉♥❝t✐♦♥ ♦❢ t❤❡ s❛♠♣❧❡ r❡❣❛r❞❧❡ss ♦❢ t❤❡ ♣❤♦t♦♥ ❡♥❡r❣②✱ ✇❤✐❝❤ ❛❧✇❛②s ❤❛s
s♦♠❡ ❞❡❣r❡❡ ♦❢ ✉♥❝❡rt❛✐♥t② ❞✉❡ t♦ ❞✐✛❡r❡♥t ❢❛❝t♦rs s✉❝❤ ❛s ❜❡❛♠❧✐♥❡ s❡t✲✉♣✱ ❝❛❧✐❜r❛t✐♦♥
♣r♦❝❡❞✉r❡ ❛♥❞ ♠❡❛s✉r❡♠❡♥t r❡s♦❧✉t✐♦♥✳
❚❤❡ ❝✉t♦✛ ❝♦rr❡s♣♦♥❞s t♦ t❤❡ ❡❧❡❝tr♦♥s ❧❡❛✈✐♥❣ t❤❡ s❛♠♣❧❡s ✇✐t❤ ❛ ③❡r♦ ❦✐♥❡t✐❝ ❡♥❡r❣②✳
❲❤❡♥ ♥♦ ♣♦t❡♥t✐❛❧ ❞✐✛❡r❡♥❝❡ ❙❚❱ ✐s ❛♣♣❧✐❡❞ ❜❡t✇❡❡♥ t❤❡ s❛♠♣❧❡ ❛♥❞ t❤❡ ❛♥❛❧②③❡r✱ t❤❡✐r
❈❤❛♣t❡r ✹✳ ❈❤❛r❛❝t❡r✐③❛t✐♦♥ t❡❝❤♥✐q✉❡s ✷✼
✭❛✮ ❳P❊❊▼ s✉r❢❛❝❡ ♠❛♣ ♦❢ ▼♦❖x
s❛♠♣❧❡ ✭❋❖❱ ❂ ✷✵ µ♠✮✱ ❛❝q✉✐r❡❞ ❛t
❛ ♣❤♦t♦♥ ❡♥❡r❣② ♦❢ ✹✵✵ ❡❱ ❛♥❞ ❛t
❛♥ ❙❚❱ ♦❢ ✶✻✹✳✶✸ ❡❱✱ ❝♦rr❡s♣♦♥❞✐♥❣
t♦ t❤❡ ▼♦✸❞3/2 ♣❡❛❦✳ ❖♥ t❤❡ ❧❡❢t ❛
r❡❣✐♦♥ ✇✐t❤ ❛ ❧♦✇ ❝♦♥t❡♥t ♦❢ ♠♦❧②❜✲
❞❡♥✉♠ ✐s ✈✐s✐❜❧❡✱ ♣r♦❜❛❜❧② ❞✉❡ t♦ ❛
s❝r❛t❝❤ ✐♥ t❤❡ ♦①✐❞❡ ❧❛②❡r✳
✭❜✮ ❚❤❡ t✇♦ s♣❡❝tr❛ ❛r❡ r❡❢❡rr❡❞ t♦ t❤❡ ❧❡❢t ❛♥❞ r✐❣❤t
✭♠❛✐♥✮ s✉r❢❛❝❡ r❡❣✐♦♥s s❤♦✇♥ ✐♥ ✭❛✮✳ ❚❤❡ r❡s♣❡❝t✐✈❡
❧♦✇ ❛♥❞ ❤✐❣❤ ▼♦ ❝♦♥t❡♥ts ♣r♦✈✐❞❡ ❞✐✛❡r❡♥t ✐♥t❡♥s✐✲
t✐❡s ✐♥ t❤❡ ✸❞ ♣❡❛❦s✳
❋✐❣✉r❡ ✹✳✶✵✿ ❳P❊❊▼ ❛♥❛❧②s✐s ♦❢ ❛ ▼♦❖x s❛♠♣❧❡✱ ✸✵ ♥♠ t❤✐❝❦✱ s♣✉tt❡r❡❞ ♦♥ ■❚❖ ❛t
r♦♦♠ t❡♠♣❡r❛t✉r❡ ❛♥❞ ❤❡❛t❡❞ ❛t ∼✶✵✵➦❈ ✐♥ t❤❡ ❜❡❛♠❧✐♥❡ ♣r❡♣❛r❛t✐♦♥ ❝❤❛♠❜❡r✳
❋❡r♠✐ ❧❡✈❡❧s ❊F ❛r❡ ❛❧✐❣♥❡❞ ✲ ❛s ✐♥ ❳P❙ ♦❢ ✜❣✉r❡ ✹✳✺ ✲ ❛♥❞ ✇❤❡♥ ❛♥ ❡❧❡❝tr♦♥ ✐s ❡①tr❛❝t❡❞
❢r♦♠ t❤❡ s✉r❢❛❝❡ ✐t ❡♥t❡rs t❤❡ ❛♥❛❧②③❡r ✇✐t❤ ❛ s✉r♣❧✉s ♦❢ ❦✐♥❡t✐❝ ❡♥❡r❣② ♦♥❧② ❞✉❡ t♦ t❤❡
s❛♠♣❧❡✲❛♥❛❧②③❡r ✇♦r❦ ❢✉♥❝t✐♦♥ ❞✐✛❡r❡♥❝❡ ∆ ❲❋✿
E
′
K = EK +∆WF = hν − EB −WFS +∆WF = hν − EB −WFA,
✇❤❡r❡ EK ❛♥❞ E
′
K ❛r❡ t❤❡ ❡❧❡❝tr♦♥ ❦✐♥❡t✐❝ ❡♥❡r❣✐❡s ❧❡❛✈✐♥❣ t❤❡ s❛♠♣❧❡ ❛♥❞ ❡♥t❡r✐♥❣
t❤❡ ❛♥❛❧②③❡r✳ ■t ✐s ✇♦rt❤ s♣❡❝✐❢②✐♥❣ t❤❛t t❤❡ ❡❧❡❝tr♦♥ ❝♦✉❧❞ ❣❛✐♥ ♦r ❧♦s❡ ✐ts ❦✐♥❡t✐❝
❡♥❡r❣② ❛❝❝♦r❞✐♥❣ t♦ ✇❤❡t❤❡r t❤❡ s❛♠♣❧❡ ✈❛❝✉✉♠ ❧❡✈❡❧ ❊V S ✐s ❤✐❣❤❡r ♦r ❧♦✇❡r t❤❛♥ t❤❡
❛♥❛❧②③❡r ♦♥❡ ❊V A✳ ❚❤❡r❡❢♦r❡✱ ✐♥ ♦r❞❡r t♦ ❞❡r✐✈❡ t❤❡ s❛♠♣❧❡ ✇♦r❦ ❢✉♥❝t✐♦♥ ❲❋S✱ ❜♦t❤
t❤❡ ♠❡❛s✉r❡♠❡♥t ♦❢ E
′
K ❛♥❞ t❤❡ ❦♥♦✇❧❡❞❣❡ ♦❢ EB ❛♥❞ hν ❛r❡ r❡q✉✐r❡❞✳
■♥❝r❡❛s✐♥❣ t❤❡ ✈♦❧t❛❣❡ ❜✐❛s✱ s❛♠♣❧❡ ❜❛♥❞ ❞✐❛❣r❛♠ ✐s s❤✐❢t❡❞ ❛♥❞ t❤❡ ❋❡r♠✐ ❡♥❡r❣✐❡s
♥♦ ♠♦r❡ ❛❧✐❣♥❡❞✳ ■t ✐s t❤✉s ♥❡❝❡ss❛r② t♦ t❛❦❡ ✐♥t♦ ❛❝❝♦✉♥t t❤❡ ❙❚❱ ❝♦♥tr✐❜✉t✐♦♥ t♦ E
′
K
♠❡❛s✉r❡❞ ✐♥ t❤❡ ❛♥❛❧②③❡r✿
E
′
K = EK +∆WF − STV.
❲❤❡♥ ❙❚❱ ❡①❛❝t❧② ❜❛❧❛♥❝❡s t❤❡ ❞✐✛❡r❡♥❝❡ ∆❲❋✱ ♥♦ ❦✐♥❡t✐❝ ❡♥❡r❣② ✐s ❣❛✐♥❡❞ ❜② t❤❡
❡❧❡❝tr♦♥ ✇❤❡♥ ❝❛♣t✉r❡❞ ✐♥ t❤❡ ❛♥❛❧②③❡r✳ ■❢ t❤❡ ❡♠✐ss✐♦♥ s♣❡❝tr✉♠ ✐s ❛❝q✉✐r❡❞ ✈❛r②✐♥❣ t❤❡
❜✐❛s ❛r♦✉♥❞ t❤✐s ✈❛❧✉❡✱ t❤❡ ❙❚❱ ✇❤❡r❡ t❤❡ ✜rst ❡❧❡❝tr♦♥s ❛♣♣❡❛r ✲ t❤❡ ❝✉t♦✛ ✲ ❝♦rr❡s♣♦♥❞s
t♦ t❤❡ r❡❧❛t✐♦♥s❤✐♣✿
STV = WFS −WFA,
♣r♦✈✐❞✐♥❣ t❤❡ s❛♠♣❧❡ ✇♦r❦ ❢✉♥❝t✐♦♥ ✇✐t❤ t❤❡ ♦♥❧② ❦♥♦✇❧❡❞❣❡ ♦❢ t❤❡ ✐♥str✉♠❡♥t ♣❛r❛♠❡t❡r
❲❋A✳
■t ✐s ✉s❡❢✉❧ t♦ r❡♠❡♠❜❡r t❤❛t ✐♥ ❳P❊❊▼ ♠❡❛s✉r❡♠❡♥ts t❤❡ ♣❤♦t♦♥ ❡♥❡r❣② hν ✐s ✜①❡❞✱
✇❤❡r❡❛s ❙❚❱ ✐s ❝♦♥t✐♥✉♦✉s❧② s❝❛♥♥❡❞✳ ❲❤❡♥ ❙❚❱ ❂ ∆❲❋ ✐s ✈❡r✐✜❡❞✱ ❛❧❧ t❤❡ ❝❤❛r❣❡s
✷✽
❋✐❣✉r❡ ✹✳✶✶✿ ❳P❊❊▼
♠❛♣s ❛❝q✉✐r❡❞ ✇✐t❤ t✇♦
❞✐✛❡r❡♥t ❙❚❱ ❛♥❞ s❡❝✲
♦♥❞❛r② ❡❧❡❝tr♦♥ ❝✉t♦✛s
r❡❢❡rr❡❞ t♦ ❧❡❢t ❛♥❞ r✐❣❤t
❘❖■s ✭s❝r❛t❝❤❡❞ ❛♥❞
♠♦❧②❜❞❡♥✉♠✲r✐❝❤✱ r❡✲
s♣❡❝t✐✈❡❧②✮ ♦♥ s♣✉tt❡r❡❞
✸✵ ♥♠ t❤✐❝❦ ▼♦❖x s❛♠✲
♣❧❡✱ ❤❡❛t❡❞ ❛t ∼✶✵✵➦❈✳
❙❝❛♥♥✐♥❣ t❤❡ ❦✐♥❡t✐❝
❡♥❡r❣② ✐♥t❡r✈❛❧ ✐t ✐s
♣♦ss✐❜❧❡ t♦ ❛♣♣r❡❝✐❛t❡
t❤❡ ❝♦♥tr❛st ✐♥✈❡rs✐♦♥
❞✉❡ t♦ ❞✐✛❡r❡♥t ✇♦r❦
❢✉♥❝t✐♦♥s ♦♥ t❤❡ s✉r❢❛❝❡✳
❋❖❱ ❂ ✷✵ µ♠✱ ♣❤♦t♦♥
❡♥❡r❣② ❂ ✹✵✵ ❡❱✳
❡❥❡❝t❡❞ ❢r♦♠ t❤❡ s❛♠♣❧❡ ❝❛♥ ❜❡ ❞❡t❡❝t❡❞✱ ✉♣ t♦ t❤❡ ❞❡❡♣❡st ❧❡✈❡❧ ♣❡r♠✐tt❡❞ ❜② t❤❡ ♣❤♦t♦♥
hν ✲ t❛❦✐♥❣ ✐♥t♦ ❛❝❝♦✉♥t t❤❡ ❜✐♥❞✐♥❣ ❡♥❡r❣② EB ❛♥❞ t❤❡ s❡❝♦♥❞✲♦r❞❡r s❝❛tt❡r✐♥❣ ❡✈❡♥ts✳
■♥ ❛ s✐♠✐❧❛r ✇❛② t♦ t❤❡ ❡❧❡♠❡♥t ♦r❜✐t❛❧s✱ s❝❛♥♥✐♥❣ s❡❝♦♥❞❛r② ❡❧❡❝tr♦♥ ❡♥❡r❣✐❡s ♣r♦✈✐❞❡s
s✉❜✲♠✐❝r♦♠❡t❡r r❡s♦❧✈❡❞ ✐♥❢♦r♠❛t✐♦♥ ❛❜♦✉t t❤❡ s❛♠♣❧❡ ❝❤❛r❛❝t❡r✐st✐❝s✳ ❚❤❡ ❡①❛♠♣❧❡ ✐♥
✜❣✉r❡ ✹✳✶✶✱ r❡❢❡rr❡❞ t♦ t❤❡ s❛♠❡ ✜❡❧❞ ♦❢ ✈✐❡✇ ✭❋❖❱✮ ✇✐t❤ ❛ ♠♦❧②❜❞❡♥✉♠✲♣♦♦r ③♦♥❡
❛s ✐♥ ✜❣✉r❡ ✹✳✶✵✱ s❤♦✇s t❤❡ ❝♦♥tr❛st ✐♥✈❡rs✐♦♥ ❞✉❡ t♦ ❞✐✛❡r❡♥t ✇♦r❦ ❢✉♥❝t✐♦♥s ♦♥ t❤❡
s✉r❢❛❝❡✳ ❊✈❡♥ ✐❢ t❤❡ ❡①tr❛❝t✐♦♥ ♦❢ q✉❛♥t✐t❛t✐✈❡ ❞❛t❛ ✐s ♥♦t str❛✐❣❤t❢♦r✇❛r❞ ❛♥❞ r❡q✉✐r❡s
t❤❡ ❦♥♦✇❧❡❞❣❡ ♦❢ ❛♥❛❧②③❡r ❲❋A✱ t❤✐s ❦✐♥❞ ♦❢ ♠❡❛s✉r❡♠❡♥t r❡✈❡❛❧s ❞✐✛❡r❡♥❝❡s ✐♥ ❡❧❡❝tr♦♥✐❝
str✉❝t✉r❡ ✇✐t❤✐♥ ♥❛rr♦✇ s❛♠♣❧❡ ❛r❡❛s✳
❱❛❧❡♥❝❡ ❜❛♥❞ ❙❝❛♥♥✐♥❣ ❛♥♦t❤❡r ❛♣♣r♦♣r✐❛t❡ ❡♥❡r❣② ✐♥t❡r✈❛❧ ❛♥❞ ❧♦✇❡r✐♥❣ t❤❡ ♣❤♦t♦♥
❡♥❡r❣② ✭❢♦r ❡①❛♠♣❧❡✱ t♦ ✶✵✵ ❡❱ ❢♦r ♦✉r ❡①♣❡r✐♠❡♥t❛❧ s❡t✲✉♣✮✱ ✐t ✇❛s ♣♦ss✐❜❧❡ t♦ ❞❡t❡❝t t❤❡
♠♦st ❡①t❡r♥❛❧ ❡❧❡❝tr♦♥ ❡❥❡❝t❡❞ ❢r♦♠ t❤❡ ✈❛❧❡♥❝❡ ❜❛♥❞✳ ❚❤✐s t❡❝❤♥✐q✉❡ ♣r♦✈✐❞❡s ✐♠♣♦rt❛♥t
✐♥❢♦r♠❛t✐♦♥ ❛❜♦✉t t❤❡ s❛♠♣❧❡ ❝♦♥❞✉❝t✐✈❡ ♣r♦♣❡rt✐❡s ❛♥❞ ✐ts ♠❡t❛❧❧✐❝ ♥❛t✉r❡✳
✹✳✸✳✸ ❳❆❙
❋♦r t❤❡ ❛♥❛❧②s✐s ♦❢ ❚✐❖2 s❛♠♣❧❡s ❛❧s♦ ❳✲r❛② ❆❜s♦r♣t✐♦♥ ❙♣❡❝tr♦s❝♦♣② ✇❛s ♣❡r❢♦r♠❡❞✱
✇❤❡r❡❛s ♠♦❧②❜❞❡♥✉♠ ♦①✐❞❡ ✐s ♥♦t s✉✐t❛❜❧❡ ❢♦r t❤✐s t❡❝❤♥✐q✉❡ ❞✉❡ t♦ ❛ ❞✐✛❡r❡♥t ❝r♦ss
s❡❝t✐♦♥ ♦❢ ▼♦ ♦r❜✐t❛❧s✳ ❚❤✐s ♠❡t❤♦❞ ✇❛s ❡♠♣❧♦②❡❞ ❛s ❛ ♣r❡♣❛r❛t♦r② t❡❝❤♥✐q✉❡ t♦ ❧♦✲
❝❛t❡ ❚✐✷♣ ♣❡❛❦s ♦♥ t❤❡ ❡♥❡r❣② s❝❛❧❡✱ ❜✉t t❤❡ ❛❝❝✉r❛❝② ✐♥ ❚✐❖2 ❡❞❣❡ ♣♦s✐t✐♦♥ ❛♥❞ t❤❡
❤✉❣❡ ❛♠♦✉♥t ♦❢ ❳❆❙ ❞❛t❛ ❛❜♦✉t t❤✐s ❝♦♠♣♦✉♥❞ ✐♥ ❧✐t❡r❛t✉r❡ ♠❛❦❡s ❛❜s♦r♣t✐♦♥ s♣❡❝tr❛
✐♥t❡r❡st✐♥❣ t❤❡♠s❡❧✈❡s✳
❲❤❡r❡❛s ✐♥ ❛ t②♣✐❝❛❧ ❳❆❙ s❡t✲✉♣ t❤❡ ❧✐❣❤t ❜❡❛♠ ✐s s❡♥t ♦♥ t❤❡ s✉r❢❛❝❡ ❛♥❞ t❤❡
tr❛♥s♠✐tt❡❞ ♣❤♦t♦♥s ❛r❡ ❛♥❛❧②③❡❞ tr❛❝✐♥❣ ❜❛❝❦ t♦ t❤❡ ❛tt❡♥✉❛t✐♦♥ ❝♦❡✣❝✐❡♥t ✈s ❡♥❡r❣②
❣r❛♣❤ ✭❛s s❤♦✇♥ ✐♥ ✜❣✉r❡ ✹✳✶✷❛✮✱ ❛♥ ❛❧t❡r♥❛t✐✈❡ t❡❝❤♥✐q✉❡ r❡❧②✐♥❣ ♦♥ ❝❤❛r❣❡ ❡♠✐ss✐♦♥
✇❛s ✉s❡❞✱ ✐❧❧✉str❛t❡❞ ✐♥ ✜❣✉r❡ ✹✳✶✷❜✳ ■♥ ❢❛❝t✱ ✇❤❡♥ ❳✲r❛②s ❛r❡ ❛❜s♦r❜❡❞ ❜② t❤❡ s❛♠♣❧❡✱
t❤❡② ❡❥❡❝t ♣r✐♠❛r② ❡❧❡❝tr♦♥s ❛♥❞ tr✐❣❣❡r ❛ s❡r✐❡s ♦❢ ❞✐s❡①❝✐t❛t✐♦♥ ♣r♦❝❡ss❡s t♦✇❛r❞ t❤❡
❈❤❛♣t❡r ✹✳ ❈❤❛r❛❝t❡r✐③❛t✐♦♥ t❡❝❤♥✐q✉❡s ✷✾
✭❛✮ ❚r❛♥s♠✐ss✐♦♥ ❳✲r❛② ❆❜s♦r♣t✐♦♥ ❙♣❡❝tr♦s❝♦♣②✿ t❤❡ ❛♣♣❛r❛t✉s ♠❡❛s✉r❡s t❤❡ r❛❞✐❛t✐♦♥ ✐♥t❡♥s✐t✐❡s ♦❢ t❤❡ ✐♥❝✐❞❡♥t
❛♥❞ tr❛♥s♠✐tt❡❞ ❜❡❛♠s ✭■0 ❛♥❞ ■1✱ r❡s♣❡❝t✐✈❡❧②✮✳ ❚❤❡ ❢♦r♠❡r st✐♠✉❧❛t❡s ❡❧❡❝tr♦♥ ❡①❝✐t❛t✐♦♥s ✐♥ t❤❡ ♠❛t❡r✐❛❧ r❡s✉❧t✐♥❣
✐♥ t❤❡ r❡✲❡♠✐ss✐♦♥ ♦❢ t❤❡ ❧❛tt❡r✱ ❛s ❝❛♥ ❜❡ s❡❡♥ ✐♥ t❤❡ ❜❛♥❞ ❞✐❛❣r❛♠✳ ❖♥ t❤❡ r✐❣❤t✱ ❛ ❣r❛♣❤ ♦❢ t❤❡ ❞❡t❡❝t❡❞ r❛❞✐❛t✐♦♥
✐♥t❡♥s✐t②✱ ❝♦❧❧❛♣s✐♥❣ ✇❤❡♥ t❤❡ ✐♥❝♦♠✐♥❣ ♣❤♦t♦♥ ❡♥❡r❣② ♠❛t❝❤❡s t❤❡ s❛♠♣❧❡ ❛❜s♦r♣t✐♦♥ ❡❞❣❡s✳
✭❜✮ ❙❡❝♦♥❞❛r②✴❆✉❣❡r ❳✲r❛② ❆❜s♦r♣t✐♦♥ ❙♣❡❝tr♦s❝♦♣②✿ t❤❡ ❛♣♣❛r❛t✉s ❞❡t❡❝ts t❤❡ ❡❧❡❝tr♦♥ ②✐❡❧❞ ❢r♦♠ t❤❡ ❝❤❛r❣❡
❡♠✐ss✐♦♥ tr✐❣❣❡r❡❞ ❜② t❤❡ ✐♥❝♦♠✐♥❣ ♣❤♦t♦♥ ❜❡❛♠✳ ❚❤❡ ❧❛tt❡r st✐♠✉❧❛t❡s ❡❧❡❝tr♦♥ ❡①❝✐t❛t✐♦♥s ✐♥ t❤❡ ♠❛t❡r✐❛❧ r❡s✉❧t✐♥❣
✐♥ ❛ ❝❤❛✐♥ ♦❢ ❞✐s❡①❝✐t❛t✐♦♥ ♣r♦❝❡ss❡s ✇✐t❤ s❡❝♦♥❞❛r② ❛♥❞ ❆✉❣❡r ❡♠✐ss✐♦♥s ✭❛♥ ❡①❛♠♣❧❡ ✐s ✈✐s✐❜❧❡ ✐♥ t❤❡ ❜❛♥❞
❞✐❛❣r❛♠✮✳ ❖♥ t❤❡ r✐❣❤t ❛ ❣r❛♣❤ ♦❢ t❤❡ ❞❡t❡❝t❡❞ ❡❧❡❝tr♦♥ ❜❡❛♠ ✐♥t❡♥s✐t②✱ ✉♣s✉r❣✐♥❣ ✇❤❡♥ t❤❡ ✐♥❝♦♠✐♥❣ ♣❤♦t♦♥
❡♥❡r❣② ♠❛t❝❤❡s t❤❡ s❛♠♣❧❡ ❛❜s♦r♣t✐♦♥ ❡❞❣❡s✳
❋✐❣✉r❡ ✹✳✶✷✿ ❚r❛♥s♠✐ss✐♦♥ ❛♥❞ ❙❡❝♦♥❞❛r②✴❆✉❣❡r ❊❧❡❝tr♦♥ ❨✐❡❧❞ ❳✲r❛② ❆❜s♦r♣t✐♦♥ ❙♣❡❝✲
tr♦s❝♦♣②✱ ✇✐t❤ t❤❡ ✐❧❧✉str❛t✐♦♥ ♦❢ t②♣✐❝❛❧ ❡①♣❡r✐♠❡♥t❛❧ s❡t✲✉♣s✱ ❡♥❡r❣② ❜❛♥❞ s❝❤❡♠❡s ❛♥❞
✐♥t❡♥s✐t② s♣❡❝tr❛ ✭❛❢t❡r ❬✷✶❪✮✳
st❛❜❧❡ ❝♦♥✜❣✉r❛t✐♦♥✳ ❚❤❡ ✐♥t❡♥s✐t② ♦❢ s❡❝♦♥❞❛r② ❛♥❞ ❆✉❣❡r ❡❧❡❝tr♦♥s ❡♠✐tt❡❞ ❞✉r✐♥❣ t❤❡
r❡❧❛①❛t✐♦♥ ✐s ❞✐r❡❝t❧② ❧✐♥❦❡❞ t♦ t❤❡ ❛❜s♦r♣t✐♦♥ ❢❡❛t✉r❡s ❛t ❞✐✛❡r❡♥t ❚✐❖2 ❡❞❣❡s✳ ❆❞❥✉st✐♥❣
t❤❡ ✉♥❞✉❧❛t♦r ♣❛r❛♠❡t❡rs t♦ s❝❛♥ ❛ ♣❤♦t♦♥ ❡♥❡r❣② ✐♥t❡r✈❛❧ ✇✐t❤ ✜①❡❞ ❙❚❱✱ ✐t ✐s t❤❡r❡❢♦r❡
♣♦ss✐❜❧❡ t♦ ❛♥❛❧②③❡ ✇✐t❤ ♣r❡❝✐s✐♦♥ t❤❡ t✐t❛♥✐✉♠ ♦①✐❞❡ ❛❜s♦r♣t✐♦♥ ♣❡❛❦s✳ ❆t t❤❡ s❛♠❡ t✐♠❡✱
t❤❛♥❦s t♦ t❤❡ ❝♦✉♣❧✐♥❣ ✇✐t❤ t❤❡ ❳P❊❊▼ t❡❝❤♥✐q✉❡✱ ❛ ✷❉ ♠❛♣ ✐s ❛❝q✉✐r❡❞ t♦ r❡❝♦r❞ t❤❡
✐♥t❡♥s✐t② ♦❢ s❡❝♦♥❞❛r②✴❆✉❣❡r ❡♠✐ss✐♦♥ ❢♦r ❡✈❡r② ♣♦✐♥t ♦♥ t❤❡ s❛♠♣❧❡ s✉r❢❛❝❡✳
❋♦r t❤❡ ♠❡❛s✉r❡♠❡♥ts ♣r❡s❡♥t❡❞ ✐♥ t❤✐s t❤❡s✐s✱ t❤❡ ❢♦❝✉s ✇❛s ♦♥❧② ♦♥ ❛❜s♦r♣t✐♦♥ ♣❡❛❦s
❢r♦♠ s❡❝♦♥❞❛r② ❡❧❡❝tr♦♥s✱ ✇❤✐❝❤ ♣r♦✈✐❞❡ ✐♠♣♦rt❛♥t ✐♥❢♦r♠❛t✐♦♥ ❛❜♦✉t ❚✐❖2 str✉❝t✉r❡ ❛♥❞
❛❧❧♦✇ t♦ ❞❡t❡❝t ❝r②st❛❧❧✐♥❡ ♣❤❛s❡s ❛s r✉t✐❧❡ ❛♥❞ ❛♥❛t❛s❡✳
✸✵
❈❤❛♣t❡r ✺
❘❡s✉❧ts ❛♥❞ ❞✐s❝✉ss✐♦♥
❚❤✐s ❝❤❛♣t❡r ❛❞❞r❡ss❡s ❛t ✜rst ♠♦❧②❜❞❡♥✉♠ ♦①✐❞❡ s❛♠♣❧❡s✱ ♣r♦✈✐❞✐♥❣ ❛♥ ❡①♣❧❛♥❛t✐♦♥
♦❢ t❤❡ ❞✐✛❡r❡♥t ❡①♣❡r✐♠❡♥t❛❧ t❡❝❤♥✐q✉❡s ✉s❡❞ ❢♦r t❤❡✐r ❝❤❛r❛❝t❡r✐③❛t✐♦♥ ❛s ✇❡❧❧ ❛s t❤❡
♦❜t❛✐♥❡❞ r❡s✉❧ts✳ ❆❢t❡r✇❛r❞ st✉❞✐❡s ♣❡r❢♦r♠❡❞ ♦♥ t✐t❛♥✐✉♠ ♦①✐❞❡ ✇✐❧❧ ❜❡ ♣r❡s❡♥t❡❞✳
✺✳✶ ▼♦❧②❜❞❡♥✉♠ ♦①✐❞❡
✺✳✶✳✶ ❑P❋▼
Pr♦t♦❝♦❧
❑P❋▼ t❡❝❤♥✐q✉❡ ✇❛s ❡♠♣❧♦②❡❞ t♦ ♠❛♣ ❜♦t❤ t♦♣♦❣r❛♣❤② ❛♥❞ s✉r❢❛❝❡ ♣♦t❡♥t✐❛❧ ♦❢
♠♦❧②❜❞❡♥✉♠ ♦①✐❞❡✳ ❉✐✛❡r❡♥t s❡r✐❡s ♦❢ s❛♠♣❧❡s ✇❡r❡ ❛♥❛❧②③❡❞✱ ❛❧❧ ❞❡♣♦s✐t❡❞ ♦♥ ❛ sq✉❛r❡
s✉❜str❛t❡ ♦❢ ∼✶ ❝♠×✶ ❝♠ ❜② t❤❡ r❡s❡❛r❝❤ t❡❛♠ ❛t ❯♥✐✈❡rs✐t② ♦❢ ❙♦✉t❤❡r♥ ❉❡♥♠❛r❦✿
✶✳ t✇♦ s❛♠♣❧❡s s♣✉tt❡r❡❞ ♦♥ ❤✐❣❤❧② ❞♦♣❡❞ s✐❧✐❝♦♥ ✐♥ ✷✵✶✺✱ ∼✺✵ ♥♠ t❤✐❝❦✿
✭❛✮ ❳P❙✶✱ ❛ s✉❜st♦✐❝❤✐♦♠❡tr✐❝ ▼♦❖x ✇✐t❤ x ∼ ✷✳✻❀
✭❜✮ ❳P❙✷✱ ❛ ♥❡❛r❧② st♦✐❝❤✐♦♠❡tr✐❝ ▼♦❖x ✇✐t❤ x ∼ ✸✳
✷✳ ❋♦✉r ▼♦❖x s❛♠♣❧❡s ❞❡♣♦s✐t❡❞ ♦♥ ■❚❖ ✭❉❡♥♠❛r❦✱ ❡♥❞ ♦❢ ✷✵✶✼✮✱ ∼✸✵ ♥♠ t❤✐❝❦✱
♣r❡✈✐♦✉s❧② ❛♥❛❧②③❡❞ ❜② ❳P❙ ❛♥❞ ❯P❙ ❛s ❡①♣❧❛✐♥❡❞ ❧❛t❡r ✐♥ s❡❝t✐♦♥ ✺✳✶✳✷✿
✭❛✮ ❙P✸✵❘❚✱ s♣✉tt❡r❡❞ ❛t r♦♦♠ t❡♠♣❡r❛t✉r❡❀
✭❜✮ ❙P✸✵✲✸✺✵✱ s♣✉tt❡r❡❞ ❛♥❞ ✐♥ s✐t✉ ❛♥♥❡❛❧❡❞ ✇✐t❤ ❛ s❧♦✇ ♣r♦❝❡ss ✭✸✵✬ ❛t ✾✵➦❈✱
✸✵✬ ❛t ✶✺✵➦❈✱ ✸✵✬ ❛t ✷✺✵➦❈ ❛♥❞ ✶✵✬ ❛t ✸✺✵➦❈✮❀
✭❝✮ ❙P✸✵❘❚✹✺✵✱ s♣✉tt❡r❡❞ ❛t r♦♦♠ t❡♠♣❡r❛t✉r❡ ❛♥❞ ✢❛s❤ ❛♥♥❡❛❧❡❞ ✐♥ t❤❡ ❳P❙
✈❛❝✉✉♠ ❝❤❛♠❜❡r ❛t ✹✺✵➦❈❀
✭❞✮ ❚❍✸✵❘❚✸✺✵✱ t❤❡r♠❛❧ ❞❡♣♦s✐t❡❞ ❛t r♦♦♠ t❡♠♣❡r❛t✉r❡ ❛♥❞ ❛♥♥❡❛❧❡❞ ✐♥ t❤❡
❳P❙ ❝❤❛♠❜❡r ✉♣ t♦ ✸✺✵➦❈✳
❙✐♥❝❡ t❤❡ ❛✐♠ ♦❢ t❤✐s st✉❞② ✇❛s t♦ ❡①tr❛❝t ❛❜s♦❧✉t❡ ✇♦r❦ ❢✉♥❝t✐♦♥ ❞❛t❛✱ ❛ r❡❢❡r❡♥❝❡
s❛♠♣❧❡ ♦❢ ❣♦❧❞ ♦♥ ♠✐❝❛ ✭∼✶ ❝♠×✶ ❝♠✮ ✇❛s ♣r❡♣❛r❡❞ ❜② r❡♣❡❛t❡❞ ❝②❝❧❡s ♦❢ s♣✉tt❡r✐♥❣ ❛♥❞
✺✵✵➦❈ ❛♥♥❡❛❧✐♥❣ ✐♥ t❤❡ ✉❧tr❛✲❤✐❣❤ ✈❛❝✉✉♠ ♣r❡♣❛r❛t✐♦♥ ❝❤❛♠❜❡r ♦❢ t❤❡ ■♥st✐t✉t❡ ♦❢ t❤❡
◆❛♥♦❙❝✐❡♥❝❡s ♦❢ P❛r✐s✳ ❚❤❡ ❝r②st❛❧❧✐③❛t✐♦♥ ✐♥ t❤❡ ❢♦r♠ ♦❢ ❆✉✶✶✶ ✇❛s ❝❤❡❝❦❡❞ ❜② ▲❊❊❉
❛♥❛❧②s✐s✳
✸✶
✸✷
❋✐❣✉r❡ ✺✳✶✿ ❚❤❡ ♣❧❛t❡❧❡t ✇✐t❤ t❤❡
✇❡❧❞❡❞ ♠❡t❛❧❧✐❝ t✉❜❡s ❝♦♥t❛✐♥✐♥❣ t❤❡
❝♦♥t❛❝t ✜❧❛♠❡♥t ✭♦♥ t❤❡ ❧❡❢t✮ ❛♥❞
t❤❡ s❛♠❡ ♣❧❛t❡❧❡t ✇✐t❤ t❤❡ ❝♦♥t❛❝t❡❞
▼♦❖x s❛♠♣❧❡ ♦♥ ❛ ❣❧❛ss s✉❜str❛t❡
r❡❛❞② ❢♦r ❑P❋▼ ♠❡❛s✉r❡♠❡♥ts ✭♦♥
t❤❡ r✐❣❤t✮✳
❚❤❡ s❛♠♣❧❡ ❤♦❧❞❡r ❢♦r ❑P❋▼ ✇❛s ❛❧s♦ ❢❛❜r✐❝❛t❡❞✿ ❛ ❣❧❛ss sq✉❛r❡ st✉❝❦ ♦♥ ❛ t✉♥❣st❡♥
♣❧❛t❡❧❡t✱ ♥❡①t t♦ ✇❤✐❝❤ t✇♦ ♠❡t❛❧❧✐❝ t✉❜❡s ❝♦♥t❛✐♥✐♥❣ t❤❡ ❝♦♥t❛❝t ✜❧❛♠❡♥t ❢♦r t❤❡ s❛♠♣❧❡
✇❡r❡ s♣♦t ✇❡❧❞❡❞ ✭s❡❡ ✜❣✉r❡ ✺✳✶✮✳
❆❝q✉✐s✐t✐♦♥ ♣❛r❛♠❡t❡rs ✇❡r❡ ❝❤♦s❡♥✿
✶✳ ❙❛♠♣❧❡s ♣❡r ❧✐♥❡✿ ✺✶✷❀
✷✳ ❙❝❛♥ r❛t❡✿ ✶ ❍③❀
✸✳ ▲✐❢t s❝❛♥ ❤❡✐❣❤t✿ ✺ ♥♠ ❢♦r t❤❡ ✜rst s❡r✐❡s ♦❢ ❳P❙✶ ❛♥❞ ❳P❙✷ ♠❡❛s✉r❡♠❡♥ts ❜❡❝❛✉s❡
♦❢ ❛ ♣r❡✈✐♦✉s❧② ❝❤❡❝❦❡❞ s✉r❢❛❝❡ r♦✉❣❤♥❡ss ♦❢ ✷✲✸ ♥♠ ❢♦r ❆✉ ❛♥❞ ♥♦t ❛♥♥❡❛❧❡❞
▼♦❖x❀ ✺✵ ♥♠ ❢♦r t❤❡ ❢♦❧❧♦✇✐♥❣ ♠❡❛s✉r❡♠❡♥ts ♦❢ ❛❧❧ t❤❡ s❛♠♣❧❡s ❜❡❝❛✉s❡ ❛ ❣r♦✇✐♥❣
r♦✉❣❤♥❡ss ✇✐t❤ ❛♥♥❡❛❧✐♥❣ t❡♠♣❡r❛t✉r❡ ✇❛s ❡①♣❡❝t❡❞[✺][✻]✳
✹✳ ❙❝❛♥ s✐③❡✿ t②♣✐❝❛❧❧② ✺✵✵ ♥♠×✺✵✵ ♥♠ ♦r ✷ µ♠×✷µ♠✳
❚❤❡ ♠✐❝r♦s❝♦♣❡ ♦♣❡r❛t❡❞ ✐♥ P❡❛❦ ❋♦r❝❡ ✲ ❆♠♣❧✐t✉❞❡ ▼♦❞✉❧❛t✐♦♥ ❚❛♣♣✐♥❣ ♠♦❞❡✱
❡✈❡♥ ✐❢ ❝♦♠♣❛r✐s♦♥ ✇✐t❤ ♦t❤❡r ✐♥str✉♠❡♥t❛❧ ♣r♦t♦❝♦❧s ❛r❡ ✐❧❧✉str❛t❡❞ ✐♥ ❛♣♣❡♥❞✐① ❆✳
■♥ ♣❛rt✐❝✉❧❛r✱ ❙✉r❢❛❝❡ P♦t❡♥t✐❛❧ ❑P❋▼ ❚❛♣♣✐♥❣ ♠♦❞❡ ❛♥❞ t❤❡ ❛♣♣❧✐❝❛t✐♦♥ ♦❢ ❞✐✛❡r❡♥t
✈♦❧t❛❣❡s ❜❡t✇❡❡♥ t❤❡ t✐♣ ❛♥❞ t❤❡ s❛♠♣❧❡ ✇❡r❡ t❡st❡❞✳
❆❢t❡r t❤❡✐r ✜rst ❑P❋▼ ❡①❛♠✱ ❳P❙✶ ❛♥❞ ❳P❙✷ s❛♠♣❧❡ ✇❡r❡ ♣✉t ✐♥ t❤❡ ♣r❡♣❛r❛t✐♦♥
❝❤❛♠❜❡r ❛♥❞ ❛♥♥❡❛❧❡❞ ❢r♦♠ ✸✵✵➦❈ t♦ ✺✵✵➦❈ ✭❢♦r ❳P❙✷✮ ♦r ✻✵✵➦❈ ✭❢♦r ❳P❙✶✮✳ ❚❤❡② ✇❡r❡
♠❡❛s✉r❡❞ ❛❣❛✐♥ ❛❢t❡r ❡✈❡r② ❛♥♥❡❛❧✐♥❣ st❡♣✳ ❚❤❡ ✐♥✐t✐❛❧ ♦♣❡r❛t✐♥❣ ♣r♦❝❡❞✉r❡ ❝♦♥s✐st❡❞ ✐♥
❛ s❡r✐❡s ♦❢ ❆✉✲❳P❙✶✲ ❳P❙✷✲❆✉ s❝❛♥s✳ ◆❡✈❡rt❤❡❧❡ss✱ ❧❛st ❞❛t❛ ♦❢ ❳P❙✶✴❳P❙✷ ❛♥❞ ❛❧❧
t❤❡ ♦♥❡s ♦❢ ▼♦❖x ♦♥ ■❚❖ ✇❡r❡ ❝♦❧❧❡❝t❡❞ ❜② ♦♥❧② ♠♦❧②❜❞❡♥✉♠ ♦①✐❞❡ s❝❛♥♥✐♥❣✱ ❛s ✐t ✇❛s
✐♠♣♦ss✐❜❧❡ t♦ ❝♦♠♣❛r❡ ❑P❋▼ ♠❛♣s ♦❢ t✇♦ s❛♠♣❧❡s ❛❝q✉✐r❡❞ ✐♥ ❞✐✛❡r❡♥t t✐♣ ❛♣♣r♦❛❝❤❡s✳
■♥ ❢❛❝t✱ ✉♥❝♦♥tr♦❧❧❛❜❧❡ ❝❤❛♥❣❡s ♦❢ ♠❡❛s✉r❡♠❡♥t ❝♦♥❞✐t✐♦♥s ✐♥❞✉❝❡❞ ♠♦❞✐✜❝❛t✐♦♥s ♦❢ t✐♣✲
s❛♠♣❧❡ ✐♥t❡r❛❝t✐♦♥ ❛♥❞ t❤❡r❡❢♦r❡ ♦❢ t♦♣♦❣r❛♣❤② ❛♥❞ ♣♦t❡♥t✐❛❧ r❡s✉❧ts✱ s♦ t❤❛t ✐t ♣r♦✈❡❞
✐♠♣♦ss✐❜❧❡ t♦ ❡①tr❛❝t ❛❜s♦❧✉t❡ q✉❛♥t✐t❛t✐✈❡ ❞❛t❛ ❢r♦♠ t❤❡ ♠❛♣s✳
❳P❙✶ ❛♥❞ ❳P❙✷ ❛♥♥❡❛❧✐♥❣ ❝②❝❧❡s ❝♦♥s✐st❡❞ ✐♥ ❤❡❛t✐♥❣ t❤❡ s❛♠♣❧❡ ✐♥ t❤❡ ✉❧tr❛✲❤✐❣❤
✈❛❝✉✉♠ ❝❤❛♠❜❡r ❜② ♠❡❛♥s ♦❢ r❡s✐st✐✈❡ ❤❡❛t✐♥❣ ❛t s✉❜s❡q✉❡♥t t❡♠♣❡r❛t✉r❡s ♦❢ ✸✵✵➦❈✱
✸✺✵➦❈✱ ✹✵✵➦❈✱ ✹✺✵➦❈ ❛♥❞ ✺✵✵➦❈✳ ❳P❙✶ ✇❛s ❛❧s♦ ✜♥❛❧❧② ❛♥♥❡❛❧❡❞ ❛t ✻✵✵➦❈✳ ❆♠♦♥❣ t❤❡
❞✐✛❡r❡♥t ❑P❋▼ ✐♠❛❣❡s✱ t❤❡ ❢♦❝✉s ✇❛s ♣✉t ♦♥ ❤❡✐❣❤t ❛♥❞ ♣♦t❡♥t✐❛❧ ♠❛♣s✳ ❈♦♠♣❧❡♠❡♥t❛r②
✐♥❢♦r♠❛t✐♦♥ ❝♦✉❧❞ ❛❧s♦ ❜❡ ❡①tr❛❝t❡❞ ❢r♦♠ ❛❞❤❡s✐♦♥ ❞❛t❛ ✭❢✉rt❤❡r ❞❡t❛✐❧s ❛r❡ ✐❧❧✉str❛t❡❞
✐♥ ❛♣♣❡♥❞✐① ❇✮✳
❚❤❡ ✐♥t❡r❡st✐♥❣ ♣❤②s✐❝❛❧ q✉❛♥t✐t✐❡s ❡①tr❛❝t❡❞ ❢r♦♠ ❞❛t❛ ❜② ●✇②❞❞✐♦♥ s♦❢t✇❛r❡ ✐♠❛❣❡
❛♥❛❧②s✐s ✇❡r❡
❼ s✉r❢❛❝❡ r♦✉❣❤♥❡ss ✭❤❡✐❣❤t ❞✐✛❡r❡♥❝❡s ♦♥ t❤❡ s✉r❢❛❝❡ ❞✉❡ t♦ ❝♦rr✉❣❛t✐♦♥✮✱
❈❤❛♣t❡r ✺✳ ❘❡s✉❧ts ❛♥❞ ❞✐s❝✉ss✐♦♥ ✸✸
❼ ❣r❛✐♥ ❞✐♠❡♥s✐♦♥ ✭✐♥ t❡r♠s ♦❢ ❞✐❛♠❡t❡r✱ ✇❤❡♥ s✉❝❤ ❢❡❛t✉r❡s ❛♣♣❡❛r❡❞✮
❢r♦♠ ❤❡✐❣❤t ♠❛♣❀
❼ ❛✈❡r❛❣❡ s✉r❢❛❝❡ ♣♦t❡♥t✐❛❧✱
❼ ❞✐✛❡r❡♥❝❡ ❜❡t✇❡❡♥ ❛✈❡r❛❣❡ ♣♦t❡♥t✐❛❧s ♦♥ ❆✉ ❛♥❞ ▼♦❖x s✉r❢❛❝❡s ✭❢♦r ❳P❙✶✴❳P❙✷
♦♥❧②✮
❼ ♣♦t❡♥t✐❛❧ ❝♦♥tr❛st ✭❈P❉ ❞✐✛❡r❡♥❝❡s ❜❡t✇❡❡♥ ❞✐✛❡r❡♥t s✐t❡s ♦♥ ❛ s✐♥❣❧❡ s❛♠♣❧❡✮
❢r♦♠ ♣♦t❡♥t✐❛❧ ♠❛♣✳
❆✈❡r❛❣❡ ♣♦t❡♥t✐❛❧ ❧❡✈❡❧ ♦♥ ▼♦❖x ❛♥❞ ❆✉✴▼♦❖x ♣♦t❡♥t✐❛❧ ❞✐✛❡r❡♥❝❡ ❝♦♥s♣✐❝✉♦✉s❧②
❝❤❛♥❣❡❞ ✇❤❡♥❡✈❡r ❛ ♥❡✇ ♠❡❛s✉r❡♠❡♥t ✇❛s ♣❡r❢♦r♠❡❞✱ ✇✐t❤ ♦s❝✐❧❧❛t✐♦♥s ♦❢ ♠♦r❡ t❤❛♥
✺✵✵ ♠❱ ✇✐t❤♦✉t ❛♥② r❡❣✉❧❛r✐t②✳ ❋♦r ❡①❛♠♣❧❡✱ ♣♦t❡♥t✐❛❧ ♦❢ ❳P❙✶ ❝♦✉❧❞ r❛♥❣❡ ❢r♦♠ ❧❡ss
t❤❛♥ ✲✸✵✵ ♠❱ t♦ ∼✲✺✵ ♠❱✱ ❳P❙✷ ♣♦t❡♥t✐❛❧ ❢r♦♠ ∼✲✸✺✵ ♠❱ t♦ ∼✷✺✵ ♠❱ ❛♥❞ ❆✉✴▼♦❖x
♣♦t❡♥t✐❛❧ ❞✐✛❡r❡♥❝❡ ❢r♦♠ ∼✲✶✸✵ ♠❱ t♦ ∼✸✼✵ ♠❱✳ ■t ✇❛s t❤❡r❡❢♦r❡ ❞❡❝✐❞❡❞ ♥♦t t♦ ❝♦♥s✐❞❡r
❛❜s♦❧✉t❡ ❈P❉ ✈❛❧✉❡s ♥♦r ❆✉✴▼♦❖x ❈P❉ ❞✐✛❡r❡♥❝❡s✱ ❜✉t t♦ ❢♦❝✉s ❥✉st ♦♥ ♣♦t❡♥t✐❛❧
❝♦♥tr❛st✳ ❆s ❛ ❝♦♥s❡q✉❡♥❝❡✱ ❢♦r t❤❡ ❧❛st s❡r✐❡s ♦❢ ♠❡❛s✉r❡♠❡♥ts ✭▼♦❖x ♦♥ ■❚❖✮ ❛ ❣♦❧❞
r❡❢❡r❡♥❝❡ ✇❛s ♥♦t ❡✈❡♥ ♣❧❛♥♥❡❞✳
●✇②❞❞✐♦♥ s♦❢t✇❛r❡ ✇❛s ✉s❡❞ t♦ ❡❧❛❜♦r❛t❡ ❛❝q✉✐r❡❞ ✐♠❛❣❡s ❜② ♠❡t❤♦❞s ❧✐❦❡ ✢❛tt❡♥✐♥❣✱
❧✐♥❡ ❛✈❡r❛❣✐♥❣✱ ♣♦❧②♥♦♠✐❛❧ ❜❛❝❦❣r♦✉♥❞ r❡♠♦✈❛❧ ❛♥❞ ♣r♦✜❧❡ ❡①tr❛❝t✐♦♥[✷✷]✳ ■t ✐s ✉s❡❢✉❧ t♦
✐❧❧✉str❛t❡ ❤♦✇ ♣❤②s✐❝❛❧ q✉❛♥t✐t✐❡s ✇❡r❡ ❝❛❧❝✉❧❛t❡❞ ❛♥❞ ❤♦✇ t❤❡✐r ❛ss♦❝✐❛t❡❞ ❡rr♦r ✇❛s
❡st✐♠❛t❡❞✳ ❲✐t❤ r❡❣❛r❞ t♦ ❣r❛✐♥ ❞✐❛♠❡t❡r✱ t❤r❡❡ ❞✐✛❡r❡♥t ♠❡t❤♦❞s ✇❡r❡ t❡st❡❞✿
❼ ❞✐r❡❝t ✐♠❛❣❡ s❡❣♠❡♥t❛t✐♦♥ ❜② t❤r❡s❤♦❧❞✐♥❣✱ ✇❤✐❝❤ ❞✐❞ ♥♦t ❣✐✈❡ ❛♥② ❣♦♦❞ r❡s✉❧t
❜❡❝❛✉s❡ ♦❢ ❜❧✉rr② ❣r❛✐♥ ❜♦✉♥❞❛r✐❡s ❛♥❞ ❞✐✛❡r❡♥t ❤❡✐❣❤t ♦❢ t❤❡ ❛❣❣r❡❣❛t❡s❀
❼ ♣r♦✜❧❡ ❛♥❛❧②s✐s ✭♣r♦✜❧❡ tr❛❝✐♥❣ ❛♥❞ ❡✈❛❧✉❛t✐♦♥ ♦❢ ❤♦r✐③♦♥t❛❧ ❞✐st❛♥❝❡ ❜❡t✇❡❡♥ ♣❡❛❦s
❛♥❞ ✈❛❧❧❡②s✮✱ ✇❤✐❝❤ ✇❛s ♥♦t str❛✐❣❤t❢♦r✇❛r❞ ❞✉❡ t♦ s♠❛❧❧✲s❝❛❧❡ ❢❡❛t✉r❡s❀
❼ ❞✐r❡❝t ❞✐❛♠❡t❡r tr❛❝✐♥❣ ❛♥❞ ♠❡❛s✉r✐♥❣ ♦♥ t❤❡ ✐♠❛❣❡✱ ✇❤✐❝❤ ♣r♦✈❡❞ t♦ ❜❡ t❤❡ ♠♦st
r❡❧✐❛❜❧❡ ♠❡t❤♦❞✳
❆❢t❡r ❛❝q✉✐r✐♥❣ ✈❛r✐♦✉s ✐♠❛❣❡s ♦♥ t❤❡ s❛♠❡ s❛♠♣❧❡ ❛t ❞✐✛❡r❡♥t s✉r❢❛❝❡ s✐t❡s✱ t❤❡
❛♥❛❧②s✐s ✇❛s ♣❡r❢♦r♠❡❞ ♦♥ t❤❡ ❜❡st✲q✉❛❧✐t② ♦♥❡s ✭✇✐t❤ ❧♦✇ ❞❡❣r❡❡ ♦❢ t❤❡r♠❛❧ ❞r✐❢t ❛♥❞
♣♦t❡♥t✐❛❧ ♠❛♣ r❡❛❞❛❜✐❧✐t②✮✳ ❚❤❡ ❞✐❛♠❡t❡rs ♦❢ ♠❛♥② s✉r❢❛❝❡ ❛❣❣r❡❣❛t❡s ✇❡r❡ tr❛❝❡❞ ❛♥❞
♠❡❛s✉r❡❞✱ tr②✐♥❣ t♦ ✐♥❝❧✉❞❡ ❡✈❡r② ❣r❛✐♥ s✐③❡ ♣r♦♣♦rt✐♦♥❛❧❧② t♦ ✐ts ❛❜✉♥❞❛♥❝❡❀ t❤❡♥ ♠❡❛♥
❛♥❞ st❛♥❞❛r❞ ❞❡✈✐❛t✐♦♥ ✇❡r❡ ❝❛❧❝✉❧❛t❡❞✳ ❆♥ ❡①❛♠♣❧❡ ♦❢ t❤✐s ♣r♦❝❡❞✉r❡ ✐s ✈✐s✐❜❧❡ ✐♥ ✜❣✉r❡
✺✳✷✳ ❚❤✐s ♠❡t❤♦❞ ❛❧❧♦✇s t♦ ❞❡t❡❝t ❛♥❞ ♠❛♥✉❛❧❧② s❡❧❡❝t t❤❡ ♠♦r❡ r❡♣r❡s❡♥t❛t✐✈❡ ❢❡❛t✉r❡s
♦❢ t❤❡ ♠❛t❡r✐❛❧s ❛♥❞ ♣r❡✈❡♥ts s♦♠❡❤♦✇ ❛r❜✐tr❛r② ✈❛❧✉❡s t❤❛t ❛♥ ❛✉t♦♠❛t✐❝ ❝♦♠♣✉t❡r
❛♥❛❧②s✐s r✐s❦s ❡①tr❛❝t✐♥❣✳ ❚❤✐s ✐s ♣❛rt✐❝✉❧❛r❧② tr✉❡ ✐♥ t❤❡ ❝❛s❡ ♦❢ s✉r❢❛❝❡s ✇✐t❤ ❧✐tt❧❡
❣r❛✐♥s ❝❧✉st❡r✐♥❣ t♦❣❡t❤❡r ✐♥ t❤❡ ❢♦r♠ ♦❢ ❛❣❣r❡❣❛t❡s ❛s t❤❡ ♦♥❡s ✉♥❞❡r ❡①❛♠✐♥❛t✐♦♥✳
❚❤❡ ❛♥❛❧②s✐s ♣r♦❝❡❞✉r❡ ❡♠♣❧♦②❡❞ ❢♦r ❡✈❡r② ❛♥♥❡❛❧✐♥❣ t❡♠♣❡r❛t✉r❡ t♦ ❡①tr❛❝t s✉r❢❛❝❡
r♦✉❣❤♥❡ss ❛♥❞ ♣♦t❡♥t✐❛❧ ❝♦♥tr❛st ✐♠♣❧✐❡❞
✶✳ tr❛❝✐♥❣ ❛❜♦✉t t❡♥ ♣r♦✜❧❡s ♦❢ r❡♣r❡s❡♥t❛t✐✈❡ st❡♣s ♦♥ t❤❡ ❝♦❧❧❡❝t✐♦♥ ♦❢ ✐♠❛❣❡s ❢♦r
❡✈❡r② s❛♠♣❧❡✱ ❛s ❝❛♥ ❜❡ s❡❡♥ ✐♥ ✜❣✉r❡s ✺✳✸❛ ❛♥❞ ✺✳✸❝ ✐♥ ❤❡✐❣❤t ❛♥❞ ♣♦t❡♥t✐❛❧ ♠❛♣s❀
✷✳ ❝❛❧❝✉❧❛t✐♥❣ ❞✐✛❡r❡♥❝❡s ❜❡t✇❡❡♥ t❤❡ ❤✐❣❤❡st ❛♥❞ t❤❡ ❧♦✇❡st ♣♦✐♥t ✐♥ t❤❡ ♣r♦✜❧❡s ✭❛♥
❡①❛♠♣❧❡ ❢♦r t♦♣♦❣r❛♣❤② ❛♥❞ ❈P❉ ✐s s❤♦✇♥ ✐♥ ✜❣✉r❡ ✺✳✸❜ ❛♥❞ ✺✳✸❞✮❀
✸✹
❋✐❣✉r❡ ✺✳✷✿ ❊①❛♠♣❧❡ ♦❢ ❛✈✲
❡r❛❣❡ ❣r❛✐♥ ❞✐❛♠❡t❡r ❝❛❧✲
❝✉❧❛t✐♦♥ ♦♥ t♦♣♦❣r❛♣❤✐❝❛❧
✷ µ♠×✷ µ♠ ✐♠❛❣❡ ♦❢ ❛
▼♦❖x s❛♠♣❧❡ ✭✹✺✵➦❈ ❛♥✲
♥❡❛❧❡❞ ❳P❙✶✮✳ ■♥ t❤✐s
❝❛s❡✱ t❤✐rt❡❡♥ ♣r♦✜❧❡s ✇❡r❡
tr❛❝❡❞ tr②✐♥❣ t♦ ❝❛♣t✉r❡
r❡♣r❡s❡♥t❛t✐✈❡ ❣r❛✐♥s❀ t❤❡
♠❡❛s✉r❡❞ ❞✐❛♠❡t❡rs ✇❡r❡
t❤❡♥ ❛✈❡r❛❣❡❞ ✇✐t❤ ✈❛❧✉❡s
❡①tr❛❝t❡❞ ❢r♦♠ t❤❡ ♦t❤❡r
✐♠❛❣❡s ♦❢ t❤❡ s❛♠❡ s❛♠♣❧❡✳
❈♦❧♦r s❝❛❧❡ ❢r♦♠ ✲✶✷✳✹ ♥♠
✭❜❧❛❝❦✮ t♦ ✾✳✷ ♥♠ ✭✇❤✐t❡✮✳
✸✳ ❛ss♦❝✐❛t✐♥❣ ❛♥ ❡rr♦r t♦ t❤❡ t✇♦ ❡①tr❡♠❡s ❛❝❝♦r❞✐♥❣ t♦ t❤❡ ♣❡r❝❡✐✈❛❜❧❡ ♣r♦✜❧❡ ✢✉❝✲
t✉❛t✐♦♥ ❛r♦✉♥❞ t❤❡ ❝❤♦s❡♥ ❤❡✐❣❤ts ✭t✇♦ s❝❛❧❡ ❞✐✈✐s✐♦♥s ✐❢ t❤❡ ♣r♦✜❧❡ ✇❛s r❡❛s♦♥❛❜❧②
st❛❜❧❡✮ ❛♥❞ s✉♠♠✐♥❣ t❤❡ t✇♦ ✉♥❝❡rt❛✐♥t✐❡s t♦ ❣❡t t❤❡ ✇❤♦❧❡ r♦✉❣❤♥❡ss ❡rr♦r❀
✹✳ ❝❛❧❝✉❧❛t✐♥❣ t❤❡ ✇❡✐❣❤t❡❞ ❛✈❡r❛❣❡ ❛♥❞ ✐ts ❛ss♦❝✐❛t❡❞ ❡rr♦r t♦ ♦❜t❛✐♥ t❤❡ ✜♥❛❧ r♦✉❣❤✲
♥❡ss ❡✈❛❧✉❛t✐♦♥✳
❚❤✐s ♠❡t❤♦❞ ❞❡♣❡♥❞s ♦♥ t❤❡ ❞✐✣❝✉❧t② ✐♥ q✉❛♥t✐t❛t✐✈❡ ❞❛t❛ ❡①tr❛❝t✐♦♥ ❢r♦♠ ✐♠❛❣❡s
❛♥❞ r❡s✉❧ts ✐♥ ❛ ❧❛r❣❡ ❡rr♦r ❜❛r ❛ss♦❝✐❛t❡❞ t♦ ❡✈❡r② ♠❡❛s✉r❡✳
■t ✐s ✇♦rt❤ s♣❡❝✐❢②✐♥❣ t❤❛t ✇❤❛t ✐s ❝❛❧❧❡❞ r♦✉❣❤♥❡ss ✐♥ t❤✐s st✉❞② ✐s ♥♦t t❤❡ q✉❛♥t✐t②
t②♣✐❝❛❧❧② ❝❛❧❝✉❧❛t❡❞ ❜② ✐♠❛❣❡ ♣r♦❝❡ss✐♥❣ s♦❢t✇❛r❡ ✲ ♦❢t❡♥ r❡❢❡rr❡❞ t♦ ❛s ❘▼❙ r♦✉❣❤♥❡ss✱
✇❤✐❝❤ ✐s t❤❡ r♦♦t ♠❡❛♥ sq✉❛r❡ ♦❢ ❤❡✐❣❤t ✐rr❡❣✉❧❛r✐t✐❡s✱ ❝♦♠♣✉t❡❞ ❢r♦♠ ❞❛t❛ ✈❛r✐❛♥❝❡[✷✸]✳
■♥ ❢❛❝t✱ t❤✐s q✉❛♥t✐t② t❛❦❡s ✐♥t♦ ❛❝❝♦✉♥t t❤❡ t♦t❛❧✐t② ♦❢ ❤❡✐❣❤t ✈❛r✐❛t✐♦♥s ♦♥ t❤❡ s✉r❢❛❝❡
❛♥❞ ✐t ✐s ❞✐✣❝✉❧t t♦ s❡❧❡❝t ♦♥❧② ❢❡❛t✉r❡s ❞✉❡ t♦ ❣r❛✐♥ ❜♦✉♥❞❛r✐❡s✳ ■t ✇❛s t❤❡r❡❢♦r❡ ♣r❡❢❡rr❡❞
t♦ ✐♥❞✐✈✐❞✉❛❧❧② s❡❧❡❝t ❛♥❞ ❛♥❛❧②③❡ st❡♣ ♣r♦✜❧❡s ♦❢ r❡❧❡✈❛♥t str✉❝t✉r❡s t♦ ♦❜t❛✐♥ ❛ r❡❧✐❛❜❧❡
❡st✐♠❛t✐♦♥ ♦❢ ❣r❛✐♥ ❤❡✐❣❤t✳
■♥ ♦r❞❡r t♦ ❞♦✉❜❧❡✲❝❤❡❝❦ r❡s✉❧ts✱ ❑P❋▼ ♠❡❛s✉r❡♠❡♥ts ✇❡r❡ r❡♣❡❛t❡❞ ❛t P❤②s✐❝s ❛♥❞
❆str♦♥♦♠② ❉❡♣❛rt♠❡♥t ♦❢ t❤❡ ❯♥✐✈❡rs✐t② ♦❢ ❇♦❧♦❣♥❛✱ ✉s✐♥❣ ❛ P❛r❦ ✐♥str✉♠❡♥t✳ ❚❤r❡❡
❞✐✛❡r❡♥t s❛♠♣❧❡s ✇❡r❡ t❛❦❡♥ ✐♥t♦ ❝♦♥s✐❞❡r❛t✐♦♥✱ ❛❧❧ ✸✵ ♥♠ t❤✐❝❦✱ ♣r❡♣❛r❡❞ ✐♥ ❉❡♥♠❛r❦
❛t t❤❡ ❡♥❞ ♦❢ ✷✵✶✼✿
❼ ▼♦❖x ♦♥ ■❚❖✱ t❤❡r♠❛❧ ❞❡♣♦s✐t❡❞ ❛t r♦♦♠ t❡♠♣❡r❛t✉r❡❀
❼ ▼♦❖x ♦♥ ■❚❖✱ t❤❡r♠❛❧ ❞❡♣♦s✐t❡❞ ❛♥❞ ✐♥ s✐t✉ ❛♥♥❡❛❧❡❞ ❛t ✸✺✵➦❈❀
❼ ▼♦❖x ♦♥ s✐❧✐❝♦♥✱ s♣✉tt❡r❡❞ ❛♥❞ ✐♥ s✐t✉ ❛♥♥❡❛❧❡❞ ❛t ✸✺✵➦❈✳
❚❤❡ ❛❝q✉✐s✐t✐♦♥ ✇❛s ♣❡r❢♦r♠❡❞ ❛t ❛ ✵✳✹ ❍③ s❝❛♥ r❛t❡✱ ✇✐t❤ ✺✶✷ s❛♠♣❧❡s ♣❡r ❧✐♥❡ ❛♥❞
✷ µ♠×✷ µ♠ ♠❛♣s ✇❡r❡ r❡❝♦r❞❡❞✳ ❚❤❡ ❞✐✛❡r❡♥t ♦♣❡r❛t✐♥❣ ♣r✐♥❝✐♣❧❡ ♦❢ P❛r❦ ♠✐❝r♦s❝♦♣❡
❛❧❧♦✇❡❞ t♦ ❝❛rr② ♦✉t t❤❡ ✇❤♦❧❡ ♠❡❛s✉r❡♠❡♥t ✇✐t❤ ❛ s✐♥❣❧❡ s❝❛♥ ♦♥ ❡✈❡r② ❧✐♥❡✳ ❆❢t❡r ✐♠❛❣❡
tr❡❛t♠❡♥t ❜② ❧✐♥❡ ❛✈❡r❛❣✐♥❣✱ ❣r❛✐♥ s✐③❡s ✇❡r❡ ♦❜t❛✐♥❡❞ ✇✐t❤ t❤❡ ❛❢♦r❡♠❡♥t✐♦♥❡❞ ♠❡t❤♦❞✱
✇❤✐❧❡ ❢♦r r♦✉❣❤♥❡ss t❤❡ ❞✐✛❡r❡♥❝❡ ❜❡t✇❡❡♥ t❤❡ ♠✐♥✐♠✉♠ ❛♥❞ t❤❡ ❛✈❡r❛❣❡ s✉r❢❛❝❡ ❤❡✐❣❤t
❈❤❛♣t❡r ✺✳ ❘❡s✉❧ts ❛♥❞ ❞✐s❝✉ss✐♦♥ ✸✺
✭❛✮ ❚✇♦ ♣r♦✜❧❡s ✇❡r❡ tr❛❝❡❞ ♦♥ t❤✐s
t♦♣♦❣r❛♣❤✐❝❛❧ ✐♠❛❣❡✱ tr②✐♥❣ t♦ ❝❛♣t✉r❡
✇❤♦❧❡ st❡♣s ❢r♦♠ t❤❡ ❣r❛✐♥ ❝❡♥t❡r t♦ ❛
❜❛❝❦❣r♦✉♥❞ s✐t❡ ❢❛r ❛✇❛② ❢r♦♠ t❤❡ ❣r❛✐♥✱
✐♥ ♦r❞❡r t♦ ❛✈♦✐❞ ❜♦✉♥❞❛r② ❡✛❡❝ts✳ ❚❤❡
❤✐❣❤❡st ❣r❛✐♥s ✭✐♥ ❧✐❣❤t ②❡❧❧♦✇ ✇✐t❤ t❤✐s
❝♦❧♦r ♠❛♣✮ ❤❛✈❡ ❜❡❡♥ ❝♦♥s✐❞❡r❡❞ ❛s ♣❡✲
❝✉❧✐❛r ❢❡❛t✉r❡s t♦ ❜❡ ❛♥❛❧②③❡❞ s❡♣❛r❛t❡❧②✱
♥♦t ❛s ♥♦r♠❛❧ ❣r❛✐♥s t♦ ❜❡ ✐♥❝❧✉❞❡❞ ✐♥
t❤❡ ❛✈❡r❛❣❡ r♦✉❣❤♥❡ss ❝❛❧❝✉❧❛t✐♦♥✳ ❙✐③❡✿
✷ µ♠×✷ µ♠❀ ❝♦❧♦r s❝❛❧❡ ❢r♦♠ ✲✸✷✳✵ ♥♠
✭❜❧❛❝❦✮ t♦ ✸✻✳✺ ♥♠ ✭✇❤✐t❡✮✳
✭❜✮ Pr♦✜❧❡ ❝♦rr❡s♣♦♥❞✐♥❣ t♦ st❡♣ ✷ ✐♥ t❤❡ t♦♣♦❣r❛♣❤✐❝❛❧
♠❛♣ ✺✳✸❛✳ ❚❤❡ ❧❡✈❡❧ ❞✐✛❡r❡♥❝❡ ❜❡t✇❡❡♥ t❤❡ ❤✐❣❤❡st ❛♥❞
t❤❡ ❧♦✇❡st ♣♦✐♥ts ✇❛s ❡✈❛❧✉❛t❡❞ t♦ ❜❡ ✹✼ ♥♠ ❛♥❞ ❛♥
❡rr♦r ♦❢ t✇♦ ✈❡rt✐❝❛❧ s❝❛❧❡ ❞✐✈✐s✐♦♥s ✇❛s ❛ss♦❝✐❛t❡❞ t♦
❡✈❡r② ♣♦✐♥t ✭t♦t❛❧ ❡rr♦r ♦❢ ✹ ♥♠✮✳
✭❝✮ ❚✇♦ ♣r♦✜❧❡s ✇❡r❡ tr❛❝❡❞ ♦♥ t❤✐s ♣♦✲
t❡♥t✐❛❧ ✐♠❛❣❡✱ tr②✐♥❣ t♦ ❝❛♣t✉r❡ ✇❤♦❧❡
st❡♣s ❢r♦♠ t❤❡ ✬♣♦t❡♥t✐❛❧ ❣r❛✐♥✬ ❝❡♥t❡r
t♦ ❛ ❜❛❝❦❣r♦✉♥❞ s✐t❡ ❢❛r ❛✇❛② ❢r♦♠ t❤❡
❣r❛✐♥✱ ✐♥ ♦r❞❡r t♦ ❛✈♦✐❞ ❜♦✉♥❞❛r② ❡✛❡❝ts✳
❚❤❡ ❧♦✇❡st ♣♦t❡♥t✐❛❧ ❛r❡❛s ✭❞❛r❦ ❜r♦✇♥
✐♥ t❤✐s ❝♦❧♦r ♠❛♣✮ ✇❡r❡ ❝♦♥s✐❞❡r❡❞ ❛s ♣❡✲
❝✉❧✐❛r ❢❡❛t✉r❡s t♦ ❜❡ ❛♥❛❧②③❡❞ s❡♣❛r❛t❡❧②✱
♥♦t ❛s ♥♦r♠❛❧ ❈P❉ st❡♣s t♦ ❜❡ ✐♥❝❧✉❞❡❞
✐♥ t❤❡ ❛✈❡r❛❣❡ ♣♦t❡♥t✐❛❧ r♦✉❣❤♥❡ss ❝❛❧❝✉✲
❧❛t✐♦♥✳ ❙✐③❡✿ ✷ µ♠×✷ µ♠❀ ❝♦❧♦r s❝❛❧❡
❢r♦♠ ✲✷✷✺✳✽ ♠❱ ✭❜❧❛❝❦✮ t♦ ✲✷✵✻✳✸ ♠❱
✭✇❤✐t❡✮✳
✭❞✮ P♦t❡♥t✐❛❧ ♣r♦✜❧❡ ❝♦rr❡s♣♦♥❞✐♥❣ t♦ st❡♣ ✷ ✐♥ t❤❡ ❈P❉
♠❛♣ ✺✳✸❝✳ ❚❤❡ ❧❡✈❡❧ ❞✐✛❡r❡♥❝❡ ❜❡t✇❡❡♥ t❤❡ ❤✐❣❤❡st ❛♥❞
t❤❡ ❧♦✇❡st ♣♦✐♥ts ✇❛s ❡✈❛❧✉❛t❡❞ t♦ ❜❡ ✶✼ ♠❱ ❛♥❞ ❛♥
❡rr♦r ♦❢ t✇♦ ✈❡rt✐❝❛❧ s❝❛❧❡ ❞✐✈✐s✐♦♥s ✇❛s ❛ss♦❝✐❛t❡❞ t♦
❡✈❡r② ♣♦✐♥t ✭t♦t❛❧ ❡rr♦r ♦❢ ✹ ♠❱✮✳
❋✐❣✉r❡ ✺✳✸✿ ❊①❛♠♣❧❡ ♦❢ ♣r♦✜❧❡ tr❛❝✐♥❣ ❛♥❞ r♦✉❣❤♥❡ss ❡st✐♠❛t✐♦♥ ♦♥ ❛ ❤❡✐❣❤t ❛♥❞ ♣♦t❡♥t✐❛❧
✐♠❛❣❡s ♦❢ ❛ ▼♦❖x s❛♠♣❧❡ ✭✺✵✵➦❈ ❛♥♥❡❛❧❡❞ ❳P❙✶✮✳
✸✻
❝❛❧❝✉❧❛t❡❞ ❜② ●✇②❞❞✐♦♥ ❛♥❛❧②s✐s s♦❢t✇❛r❡ ✇❛s ❝♦♥s✐❞❡r❡❞ ✲ ✇❤✐❝❤ ♣r♦✈❡❞ t♦ ❜❡ ❛ r❡❧✐❛❜❧❡
❡st✐♠❛t✐♦♥ ❝♦♠♣❛r❡❞ t♦ t❤❡ ❛♥❛❧②s✐s ♦❢ s❡❧❡❝t❡❞ ❣r❛✐♥ ♣r♦✜❧❡s✳
■♥ t❤❡ ❝❛s❡ ♦❢ ♣♦t❡♥t✐❛❧ ♠❛♣s✱ ✐t ✇❛s ♥♦t ♣♦ss✐❜❧❡ t♦ ❞✐st✐♥❣✉✐s❤ ❛♥② ❦✐♥❞ ♦❢ ❢❡❛t✉r❡
♦♥ t❤❡ s✉r❢❛❝❡✱ s♦ t❤❛t ❞✐✛❡r❡♥t ❤♦r✐③♦♥t❛❧ ❛♥❞ ✈❡rt✐❝❛❧ ♣r♦✜❧❡s ✇❡r❡ tr❛❝❡❞ t♦ ❡①tr❛❝t
♠❡❛♥ ❈P❉✳ ❙✐♥❝❡ ✇❡ ❦♥❡✇ t❤❡ ♠✐❝r♦s❝♦♣❡ t✐♣ ❝♦♠♣♦s✐t✐♦♥ ✭❆✉✮✱ ✇❡ ❝♦✉❧❞ ❞❡r✐✈❡ ❛♥
❡st✐♠❛t✐♦♥ ♦❢ s❛♠♣❧❡ ✇♦r❦ ❢✉♥❝t✐♦♥ WFsample ❛♣♣❧②✐♥❣ t❤❡ r❡❧❛t✐♦♥s❤✐♣
Φsample − ΦAu = 5.30eV −WFsample,
✇❤❡r❡ Φsample ❛♥❞ ΦAu ❛r❡ s✉r❢❛❝❡ ♣♦t❡♥t✐❛❧s ♠❡❛s✉r❡❞ ♦♥ ▼♦❖x ❛♥❞ ♦♥ ❛ t❡st ❣♦❧❞
s❛♠♣❧❡ ❜② t❤❡ s❛♠❡ t✐♣ ❛♥❞ ✺✳✸✵ ❡❱ ✐s ❛ r❡❢❡r❡♥❝❡ ✈❛❧✉❡ ❢♦r ❆✉ ✇♦r❦ ❢✉♥❝t✐♦♥[✷✹]✳
❯♥❧✐❦❡ ✇♦r❦ ❢✉♥❝t✐♦♥ ♠❡❛s✉r❡♠❡♥ts ♣❡r❢♦r♠❡❞ ✇✐t❤ t❤❡ ✜rst ✐♥str✉♠❡♥t✱ ✐t ❤❛s ❜❡❡♥
❝❤♦s❡♥ t♦ ♣r❡s❡♥t t❤❡s❡ ♦♥❡s ❜❡❝❛✉s❡ ♦❢ t❤❡ ❜❡tt❡r st❛❜✐❧✐t② ✈❡r✐✜❡❞ ❢♦r ❛ s❡r✐❡s ♦❢ ♠❛♣s✱
✇❤❡r❡❛s t❤❡ r❡s✉❧ts s❤♦✉❧❞ ❜❡ r❡❣❛r❞❡❞ ❛s r♦✉❣❤ ❡st✐♠❛t✐♦♥s ❞✉❡ t♦ t❤❡ ❤✐❣❤ ❧❡✈❡❧ ♦❢
♥♦✐s❡ ✐♥ t❤❡ ✐♠❛❣❡s ❛♥❞ t❡❝❤♥✐❝❛❧ ✐♠♣♦ss✐❜✐❧✐t② t♦ ❤❡❛t s❛♠♣❧❡s ❛t ✶✵✵✲✷✵✵➦❈ ✐♥ ✈❛❝✉✉♠
t♦ ❞❡s♦r❜ ❝❛r❜♦♥ ❝♦♥t❛♠✐♥❛♥ts✳
❘❡s✉❧ts
■♥ ✜❣✉r❡s ✺✳✹✲✺✳✽ ✐♠❛❣❡s ♦❢ ❳P❙✶✴❳P❙✷ ❛♥❞ ▼♦❖x ♦♥ ■❚❖ ❛r❡ s❤♦✇♥ ❜♦t❤ ❢♦r ❤❡✐❣❤t
❛♥❞ ♣♦t❡♥t✐❛❧ ♠❛♣s✱ ❢♦❧❧♦✇✐♥❣ t❤❡ ❛♥♥❡❛❧✐♥❣ st❡♣s t❤❡② ✉♥❞❡r✇❡♥t✳ ❋♦r ❳P❙✶ ❛♥❞ ❳P❙✷
t✇♦ s✐③❡s ♦❢ ✐♠❛❣❡ ❝❛♥ ❜❡ s❡❡♥✱ ✺✵✵ ♥♠×✺✵✵ ♥♠ ❛♥❞ ✷ µ♠×✷ µ♠✿ s✉r❢❛❝❡ ❛❣❣r❡❣❛t✐♦♥
❛t t❤❡ ❤✐❣❤❡st ❛♥♥❡❛❧✐♥❣ t❡♠♣❡r❛t✉r❡s ♠❛❞❡ ✐t ♠♦r❡ ✉s❡❢✉❧ t♦ ❛❝q✉✐r❡ ❛ ✇✐❞❡r ♠❛♣✳
❋♦r ❜♦t❤ ❳P❙✶ ❛♥❞ ❳P❙✷✱ s❛♠♣❧❡s ❛r❡ q✉✐t❡ ✢❛t ❛t r♦♦♠ t❡♠♣❡r❛t✉r❡ ❛♥❞ t❤❡✐r
❈P❉ ✐s ❤♦♠♦❣❡♥❡♦✉s ✭✜❣✉r❡s ✺✳✹❛ ❡ ❜✱ ✺✳✻❛ ❡ ❜✮✳ ❉✉r✐♥❣ t❤❡ ❛♥♥❡❛❧✐♥❣ ♣r♦❝❡❞✉r❡ s♦♠❡
✐♥t❡r❡st✐♥❣ ❢❡❛t✉r❡s ❛♣♣❡❛r ♦♥ t❤❡ s✉r❢❛❝❡ ❛♥❞ ♥❛♥♦❛❣❣r❡❣❛t❡s ❢♦r♠ ❛♥❞ ❡①♣❛♥❞✱ ✇✐t❤ ❛
❝♦rr❡s♣♦♥❞✐♥❣ ❝♦♥tr❛st ✐♥ ♣♦t❡♥t✐❛❧ ♠❛♣s✳ ❍♦✇❡✈❡r✱ t❤✐s ♣r♦❝❡ss ✐s ♠♦r❡ ❡✈✐❞❡♥t ✐♥ t❤❡
❝❛s❡ ♦❢ ♥❡❛r❧② st♦✐❝❤✐♦♠❡tr✐❝ ❳P❙✷✳
❖♥ t❤❡ ♦t❤❡r ❤❛♥❞✱ ♠♦❧②❜❞❡♥✉♠ ♦①✐❞❡ ♦♥ ■❚❖ s❤♦✇s s✐♠✐❧❛r s✉r❢❛❝❡ ❣r❛✐♥s ❜♦t❤ ✐♥
s❤❛♣❡ ❛♥❞ ✐♥ s✐③❡ ❢♦r ❡✈❡r② ❛♥♥❡❛❧✐♥❣ st❛❣❡ ❛♥❞ ❈P❉ ✐s ❛❧♠♦st ✢❛t ✐♥ ❡✈❡r② ♠❡❛s✉r❡♠❡♥t
✭✜❣✉r❡ ✺✳✽✮✱ ❡①❝❡♣t ❢♦r ❙P✸✵✲✸✺✵✱ ✇✐t❤ ❣r❛✐♥s s❧✐❣❤t❧② ❞✐✛❡r❡♥t ❢r♦♠ ♦t❤❡r s❛♠♣❧❡s ✐♥
s❤❛♣❡ ✭✜❣✉r❡ ✺✳✽❜✮✳
❋✐❣✉r❡ ✺✳✾ ♣r❡s❡♥ts s✉r❢❛❝❡ ♠♦r♣❤♦❧♦❣② ♠❛♣s ❢♦r t❤❡ t❤r❡❡ ▼♦❖x s❛♠♣❧❡s ♠❡❛s✉r❡❞
✐♥ ❇♦❧♦❣♥❛✱ ✇❤❡r❡❛s ♣♦t❡♥t✐❛❧ ✐♠❛❣❡s ❛r❡ ♥♦t r❡♣♦rt❡❞ ❞✉❡ t♦ t❤❡✐r ✉♥✐❢♦r♠ ❤✐❣❤ ❧❡✈❡❧ ♦❢
♥♦✐s❡ ✐♥ ✇❤✐❝❤ ♥♦ ✐♥t❡r❡st✐♥❣ str✉❝t✉r❡ ❝♦✉❧❞ ❜❡ ❞❡t❡❝t❡❞✳
❉✐s❝✉ss✐♦♥
■♥ t❛❜❧❡s ✺✳✶✲✺✳✸ ❣r❛✐♥ ❞✐❛♠❡t❡r✱ s✉r❢❛❝❡ r♦✉❣❤♥❡ss ❛♥❞ ♣♦t❡♥t✐❛❧ ❝♦♥tr❛st ❛r❡ s✉♠✲
♠❛r✐③❡❞ ❛❝❝♦r❞✐♥❣ t♦ ❡✐t❤❡r ❞✐✛❡r❡♥t ❛♥♥❡❛❧✐♥❣ t❡♠♣❡r❛t✉r❡s ♦r s❛♠♣❧❡ ♥❛♠❡✳
❳P❙✶ ❚room ✸✵✵➦❈ ✸✺✵➦❈ ✹✵✵➦❈ ✹✺✵➦❈ ✺✵✵➦❈ ✻✵✵➦❈
●r❛✐♥ ❞✐❛♠❡t❡r ✭♥♠✮ ✷✽±✼ ✷✶±✺ ✷✺±✺ ✹✻±✶✽ ✼✶±✶✻ ✽✵±✸✵ ✶✶✵±✻✵
❘♦✉❣❤♥❡ss ✭♥♠✮ ✷✳✸±✶✳✷ ✼±✸ ✶✵±✹ ✾±✸ ✷✷±✶✶ ✹✵±✶✵ ✺✾±✼
P♦t❡♥t✐❛❧ ❝♦♥tr❛st ✭♠❱✮ ❤♦♠♦❣❡♥❡♦✉s ✽±✺ ✹±✷ ✺±✹ ✶✼±✶✷ ✶✼±✶✵ ✶✺±✶✵
❚❛❜❧❡ ✺✳✶✿ ❳P❙✶ s❛♠♣❧❡✿ ♣❤②s✐❝❛❧ q✉❛♥t✐t✐❡s ♠❡❛s✉r❡❞ ❜② ❑P❋▼✳
❈❤❛♣t❡r ✺✳ ❘❡s✉❧ts ❛♥❞ ❞✐s❝✉ss✐♦♥ ✸✼
✭❛✮ ▼♦r♣❤♦❧♦❣② ♠❛♣ ♦❢ r♦♦♠ t❡♠♣❡r✲
❛t✉r❡ ✭♥♦t ❛♥♥❡❛❧❡❞✮ s❛♠♣❧❡✱ tr❡❛t❡❞
❜② ❧✐♥❡ ❛✈❡r❛❣✐♥❣ ❛♥❞ ❤♦r✐③♦♥t❛❧ s❝❛r
r❡♠♦✈❛❧❀ ❝♦❧♦r s❝❛❧❡ ❢r♦♠ ✲✶✳✽✾ ♥♠
✭❜❧❛❝❦✮ t♦ ✷✳✻✵ ♥♠ ✭✇❤✐t❡✮✳
✭❜✮ P♦t❡♥t✐❛❧ ♠❛♣ ♦❢ r♦♦♠ t❡♠♣❡r❛✲
t✉r❡ ✭♥♦t ❛♥♥❡❛❧❡❞✮ s❛♠♣❧❡✱ tr❡❛t❡❞
❜② ✢❛tt❡♥✐♥❣ ❛♥❞ ❧✐♥❡ ❛✈❡r❛❣✐♥❣❀
❝♦❧♦r s❝❛❧❡ ❢r♦♠ ✲✸✸✺✳✶ ♠❱ ✭❜❧❛❝❦✮
t♦ ✲✸✷✶✳✽ ♠❱ ✭✇❤✐t❡✮✳
✭❝✮ ▼♦r♣❤♦❧♦❣② ♠❛♣ ♦❢ s❛♠♣❧❡ ❛♥✲
♥❡❛❧❡❞ ❛t ✸✵✵➦❈✳ ❚❤❡ ✐♠❛❣❡ ✇❛s
tr❡❛t❡❞ ❜② ❧✐♥❡ ❛✈❡r❛❣✐♥❣❀ ❝♦❧♦r s❝❛❧❡
❢r♦♠ ✲✸✳✾✸ ♥♠ ✭❜❧❛❝❦✮ t♦ ✸✳✹✸ ♥♠
✭✇❤✐t❡✮✳
✭❞✮ P♦t❡♥t✐❛❧ ♠❛♣ ♦❢ s❛♠♣❧❡ ❛♥✲
♥❡❛❧❡❞ ❛t ✸✵✵➦❈✳ ❚❤❡ ✐♠❛❣❡ ✇❛s
tr❡❛t❡❞ ❜② ❧✐♥❡ ❛✈❡r❛❣✐♥❣❀ ❝♦❧♦r s❝❛❧❡
❢r♦♠ ✲✺✾ ♠❱ ✭❜❧❛❝❦✮ t♦ ✲✹✽ ♠❱
✭✇❤✐t❡✮✳
✭❡✮ ▼♦r♣❤♦❧♦❣② ♠❛♣ ♦❢ s❛♠♣❧❡ ❛♥✲
♥❡❛❧❡❞ ❛t ✸✺✵➦❈✳ ❚❤❡ ✐♠❛❣❡ ✇❛s
tr❡❛t❡❞ ❜② ❧✐♥❡ ❛✈❡r❛❣✐♥❣❀ ❝♦❧♦r s❝❛❧❡
❢r♦♠ ✲✼ ♥♠ ✭❜❧❛❝❦✮ t♦ ✹ ♥♠ ✭✇❤✐t❡✮✳
✭❢✮ P♦t❡♥t✐❛❧ ♠❛♣ ♦❢ s❛♠♣❧❡ ❛♥♥❡❛❧❡❞
❛t ✸✺✵➦❈✳ ❚❤❡ ✐♠❛❣❡ ✇❛s tr❡❛t❡❞
❜② ❧✐♥❡ ❛✈❡r❛❣✐♥❣❀ ❝♦❧♦r s❝❛❧❡ ❢r♦♠
✲✽✾✳✽✻ ♠❱ ✭❜❧❛❝❦✮ t♦ ✲✽✸✳✵✾ ♠❱
✭✇❤✐t❡✮✳
❋✐❣✉r❡ ✺✳✹✿ ❍❡✐❣❤t ❛♥❞ ♣♦t❡♥t✐❛❧ ♠❛♣s ♦❢ s✉❜st♦✐❝❤✐♦♠❡tr✐❝ ❳P❙✶✱ ❞✉r✐♥❣ ❛♥♥❡❛❧✐♥❣ st❡♣s
❢r♦♠ ❘❚ t♦ ✸✺✵➦❈ ✭s✐③❡✿ ✺✵✵ ♥♠×✺✵✵ ♥♠✮✳
✸✽
✭❛✮
▼
♦
r♣
❤
♦
❧♦❣②
♠
❛
♣
♦
❢
s❛
♠
♣
❧❡
❛
♥
✲
♥
❡❛
❧❡❞
❛
t
✹
✵
✵
➦❈
✳
❚
❤
❡
✐♠
❛
❣❡
✇
❛
s
tr❡❛
t❡❞
❜②
❧✐♥
❡
❛
✈❡r❛
❣✐♥
❣❀
❝♦
❧♦
r
s❝❛
❧❡
❢r♦
♠
✲✺
♥
♠
✭❜❧❛
❝❦✮
t♦
✺
♥
♠
✭✇
❤
✐t❡✮✳
✭❜
✮
▼
♦
r♣
❤
♦
❧♦❣②
♠
❛
♣
♦
❢
s❛
♠
♣
❧❡
❛
♥
✲
♥
❡❛
❧❡❞
❛
t
✹
✺
✵
➦❈
✳
❚
❤
❡
✐♠
❛
❣❡
✇
❛
s
tr❡❛
t❡❞
❜②
❧✐♥
❡
❛
✈❡r❛
❣✐♥
❣❀
❝♦
❧♦
r
s❝❛
❧❡
❢r♦
♠
✲✶
✳✽
♥
♠
✭❜❧❛
❝❦✮
t♦
✷
✶
✳✹
♥
♠
✭✇
❤
✐t❡✮✳
✭❝✮
▼
♦
r♣
❤
♦
❧♦❣②
♠
❛
♣
♦
❢
s❛
♠
♣
❧❡
❛
♥
✲
♥
❡❛
❧❡❞
❛
t
✺
✵
✵
➦❈
✳
❚
❤
❡
✐♠
❛
❣❡
✇
❛
s
tr❡❛
t❡❞
❜②
❧✐♥
❡
❛
✈❡r❛
❣✐♥
❣❀
❝♦
❧♦
r
s❝❛
❧❡
❢r♦
♠
✲✸
✷
✳✵
♥
♠
✭❜❧❛
❝❦✮
t♦
✸
✻
✳✺
♥
♠
✭✇
❤
✐t❡✮✳
✭❞
✮
▼
♦
r♣
❤
♦
❧♦❣②
♠
❛
♣
♦
❢
s❛
♠
♣
❧❡
❛
♥
✲
♥
❡❛
❧❡❞
❛
t
✻
✵
✵
➦❈
✳
❚
❤
❡
✐♠
❛
❣❡
✇
❛
s
tr❡❛
t❡❞
❜②
❧✐♥
❡
❛
✈❡r❛
❣✐♥
❣❀
❝♦
❧♦
r
s❝❛
❧❡
❢r♦
♠
✲✹
✾
♥
♠
✭❜❧❛
❝❦✮
t♦
✸
✵
♥
♠
✭✇
❤
✐t❡✮✳
✭❡✮
P
♦
t❡♥
t✐❛
❧
♠
❛
♣
♦
❢
s❛
♠
♣
❧❡
❛
♥
♥
❡❛
❧❡❞
❛
t
✹
✵
✵
➦❈
✳
❚
❤
❡
✐♠
❛
❣❡
✇
❛
s
tr❡❛
t❡❞
❜②
❧✐♥
❡
❛
✈❡r❛
❣✐♥
❣❀
❝♦
❧♦
r
s❝❛
❧❡
❢r♦
♠
✲✶
✵
✵
✳✺
✾
♠
❱
✭❜❧❛
❝❦✮
t♦
✲✾
✹
✳✾
✼
♠
❱
✭✇
❤
✐t❡✮✳
✭❢✮
P
♦
t❡♥
t✐❛
❧
♠
❛
♣
♦
❢
s❛
♠
♣
❧❡
❛
♥
♥
❡❛
❧❡❞
❛
t
✹
✺
✵
➦❈
✱
tr❡❛
t❡❞
❜②
❧✐♥
❡
❛
✈❡r❛
❣✐♥
❣❀
❝♦
❧♦
r
s❝❛
❧❡
❢r♦
♠
✲✶
✹
✾
♠
❱
✭❜❧❛
❝❦✮
t♦
✲✶
✸
✽
♠
❱
✭✇
❤
✐t❡✮✳
✭❣✮
P
♦
t❡♥
t✐❛
❧
♠
❛
♣
♦
❢
s❛
♠
♣
❧❡
❛
♥
♥
❡❛
❧❡❞
❛
t
✺
✵
✵
➦❈
✱
tr❡❛
t❡❞
❜②
✢
❛
tt❡♥
✐♥
❣❀
❝♦
❧♦
r
s❝❛
❧❡
❢r♦
♠
✲✷
✷
✺
✳✽
♠
❱
✭❜❧❛
❝❦✮
t♦
✲
✷
✵
✻
✳✸
♠
❱
✭✇
❤
✐t❡✮✳
✭❤
✮
P
♦
t❡♥
t✐❛
❧
♠
❛
♣
♦
❢
s❛
♠
♣
❧❡
❛
♥
♥
❡❛
❧❡❞
❛
t
✻
✵
✵
➦❈
✱
tr❡❛
t❡❞
❜②
❧✐♥
❡
❛
✈❡r❛
❣✐♥
❣❀
❝♦
❧♦
r
s❝❛
❧❡
❢r♦
♠
✲✾
✵
✳✽
♠
❱
✭❜❧❛
❝❦✮
t♦
✲✻
✼
✳✻
♠
❱
✭✇
❤
✐t❡✮✳
❋
✐❣✉r❡
✺✳✺✿
❍
❡✐❣❤t
❛♥❞
♣♦t❡♥t✐❛❧
♠
❛♣s
♦❢
s✉❜st♦✐❝❤✐♦♠
❡tr✐❝
❳
P
❙✶✱
❞✉r✐♥❣
❛♥♥❡❛❧✐♥❣
st❡♣s
❢r♦♠
✹✵✵
t♦
✻✵✵
➦❈
✭s✐③❡
✷
µ
♠
×
✷
µ
♠
✮✳
❈❤❛♣t❡r ✺✳ ❘❡s✉❧ts ❛♥❞ ❞✐s❝✉ss✐♦♥ ✸✾
✭❛✮ ▼♦r♣❤♦❧♦❣② ♠❛♣ ♦❢ r♦♦♠ t❡♠✲
♣❡r❛t✉r❡ ✭♥♦t ❛♥♥❡❛❧❡❞✮ s❛♠♣❧❡✳ ❚❤❡
✐♠❛❣❡ ✇❛s tr❡❛t❡❞ ❜② ❧✐♥❡ ❛✈❡r❛❣✐♥❣❀
❝♦❧♦r s❝❛❧❡ ❢r♦♠ ✲✶✳✸✹ ♥♠ ✭❜❧❛❝❦✮ t♦
✶✳✶✽ ♥♠ ✭✇❤✐t❡✮✳
✭❜✮ P♦t❡♥t✐❛❧ ♠❛♣ ♦❢ r♦♦♠ t❡♠♣❡r✲
❛t✉r❡ ✭♥♦t ❛♥♥❡❛❧❡❞✮ s❛♠♣❧❡✱ tr❡❛t❡❞
❜② ✢❛tt❡♥✐♥❣❀ ❝♦❧♦r s❝❛❧❡ r❛♥❣❡s ❢r♦♠
✲✸✹✵ ♠❱ ✭❜❧❛❝❦✮ t♦ ✲✸✷✾ ♠❱ ✭✇❤✐t❡✮✳
✭❝✮ ▼♦r♣❤♦❧♦❣② ♠❛♣ ♦❢ s❛♠♣❧❡ ❛♥✲
♥❡❛❧❡❞ ❛t ✸✵✵➦❈✳ ❚❤❡ ✐♠❛❣❡ ✇❛s
tr❡❛t❡❞ ❜② ❧✐♥❡ ❛✈❡r❛❣✐♥❣❀ ❝♦❧♦r s❝❛❧❡
❢r♦♠ ✲✶✳✷✷ ♥♠ ✭❜❧❛❝❦✮ t♦ ✶✳✺✵ ♥♠
✭✇❤✐t❡✮✳
✭❞✮ P♦t❡♥t✐❛❧ ♠❛♣ ♦❢ s❛♠♣❧❡ ❛♥✲
♥❡❛❧❡❞ ❛t ✸✵✵➦❈✱ tr❡❛t❡❞ ❜② ❧✐♥❡ ❛✈✲
❡r❛❣✐♥❣❀ ❝♦❧♦r s❝❛❧❡ ❢r♦♠ ✲✶✺✽✳✺ ♠❱
✭❜❧❛❝❦✮ t♦ ✲✶✺✶✳✽ ♠❱ ✭✇❤✐t❡✮✳
✭❡✮ ▼♦r♣❤♦❧♦❣② ♠❛♣ ♦❢ s❛♠♣❧❡ ❛♥✲
♥❡❛❧❡❞ ❛t ✸✺✵➦❈✳ ❚❤❡ ✐♠❛❣❡ ✇❛s
tr❡❛t❡❞ ❜② ❧✐♥❡ ❛✈❡r❛❣✐♥❣❀ ❝♦❧♦r s❝❛❧❡
❢r♦♠ ✲✺✳✶ ♥♠ ✭❜❧❛❝❦✮ t♦ ✸✳✼ ♥♠
✭✇❤✐t❡✮✳
✭❢✮ P♦t❡♥t✐❛❧ ♠❛♣ ♦❢ s❛♠♣❧❡ ❛♥♥❡❛❧❡❞
❛t ✸✺✵➦❈✳ ❚❤❡ ✐♠❛❣❡ ✇❛s tr❡❛t❡❞ ❜②
✢❛tt❡♥✐♥❣ ❛♥❞ ❧✐♥❡ ❛✈❡r❛❣✐♥❣❀ ❝♦❧♦r
s❝❛❧❡ ❢r♦♠ ✶✼✽✳✹✶ ♠❱ ✭❜❧❛❝❦✮ t♦
✶✽✺✳✷✷ ♠❱ ✭✇❤✐t❡✮✳
❋✐❣✉r❡ ✺✳✻✿ ❍❡✐❣❤t ❛♥❞ ♣♦t❡♥t✐❛❧ ♠❛♣s ♦❢ ♥❡❛r❧② st♦✐❝❤✐♦♠❡tr✐❝ ❳P❙✷✱ ❞✉r✐♥❣ t❤❡ ❛♥♥❡❛❧✲
✐♥❣ st❡♣s ❢r♦♠ ❘❚ t♦ ✸✺✵➦❈ ✭s✐③❡✿ ✺✵✵ ♥♠×✺✵✵ ♥♠✮✳
✹✵
✭❛✮ ▼♦r♣❤♦❧♦❣② ♠❛♣ ♦❢ s❛♠♣❧❡ ❛♥✲
♥❡❛❧❡❞ ❛t ✹✵✵➦❈✳ ❚❤❡ ✐♠❛❣❡ ✇❛s
tr❡❛t❡❞ ❜② ❧✐♥❡ ❛✈❡r❛❣✐♥❣❀ ❝♦❧♦r s❝❛❧❡
❢r♦♠ ✲✺ ♥♠ ✭❜❧❛❝❦✮ t♦ ✺ ♥♠ ✭✇❤✐t❡✮✳
✭❜✮ P♦t❡♥t✐❛❧ ♠❛♣ ♦❢ s❛♠♣❧❡ ❛♥✲
♥❡❛❧❡❞ ❛t ✹✵✵➦❈✳ ❚❤❡ ✐♠❛❣❡ ✇❛s
tr❡❛t❡❞ ❜② ❧✐♥❡ ❛✈❡r❛❣✐♥❣❀ ❝♦❧♦r s❝❛❧❡
❢r♦♠ ✾ ♠❱ ✭❜❧❛❝❦✮ t♦ ✷✵ ♠❱ ✭✇❤✐t❡✮✳
✭❝✮ ▼♦r♣❤♦❧♦❣② ♠❛♣ ♦❢ s❛♠♣❧❡ ❛♥✲
♥❡❛❧❡❞ ❛t ✹✺✵➦❈✳ ❚❤❡ ✐♠❛❣❡ ✇❛s
tr❡❛t❡❞ ❜② ❧✐♥❡ ❛✈❡r❛❣✐♥❣ ❛♥❞ ❤♦r✐✲
③♦♥t❛❧ s❝❛r r❡♠♦✈❛❧❀ ❝♦❧♦r s❝❛❧❡ ❢r♦♠
✲✺✻ ♥♠ ✭❜❧❛❝❦✮ t♦ ✹✽ ♥♠ ✭✇❤✐t❡✮✳
✭❞✮ P♦t❡♥t✐❛❧ ♠❛♣ ♦❢ s❛♠♣❧❡ ❛♥✲
♥❡❛❧❡❞ ❛t ✹✺✵➦❈✳ ❚❤❡ ✐♠❛❣❡ ✇❛s
tr❡❛t❡❞ ❜② ❧✐♥❡ ❛✈❡r❛❣✐♥❣❀ ❝♦❧♦r s❝❛❧❡
❢r♦♠ ✲✶ ♠❱ ✭❜❧❛❝❦✮ t♦ ✶✵ ♠❱
✭✇❤✐t❡✮✳
✭❡✮ ▼♦r♣❤♦❧♦❣② ♠❛♣ ♦❢ s❛♠♣❧❡ ❛♥✲
♥❡❛❧❡❞ ❛t ✺✵✵➦❈✳ ❚❤❡ ✐♠❛❣❡ ✇❛s
tr❡❛t❡❞ ❜② ♣♦❧②♥♦♠✐❛❧ ❜❛❝❦❣r♦✉♥❞ r❡✲
♠♦✈❛❧❀ ❝♦❧♦r s❝❛❧❡ ❢r♦♠ ✲✻✻ ♥♠
✭❜❧❛❝❦✮ t♦ ✸✼ ♥♠ ✭✇❤✐t❡✮✳
✭❢✮ P♦t❡♥t✐❛❧ ♠❛♣ ♦❢ s❛♠♣❧❡ ❛♥♥❡❛❧❡❞
❛t ✺✵✵➦❈✳ ❚❤❡ ✐♠❛❣❡ ✇❛s tr❡❛t❡❞
❜② ❧✐♥❡ ❛✈❡r❛❣✐♥❣❀ ❝♦❧♦r s❝❛❧❡ ❢r♦♠
✲✷✵✻✳✽ ♠❱ ✭❜❧❛❝❦✮ t♦ ✲✶✻✺✳✷ ♠❱
✭✇❤✐t❡✮✳
❋✐❣✉r❡ ✺✳✼✿ ❍❡✐❣❤t ❛♥❞ ♣♦t❡♥t✐❛❧ ♠❛♣s ♦❢ ♥❡❛r❧② st♦✐❝❤✐♦♠❡tr✐❝ ❳P❙✷✱ ❞✉r✐♥❣ t❤❡ ❛♥♥❡❛❧✲
✐♥❣ st❡♣s ❢r♦♠ ✹✵✵ t♦ ✺✵✵➦❈ ✭s✐③❡✿ ✷ µ♠×✷ µ♠✮✳
❈❤❛♣t❡r ✺✳ ❘❡s✉❧ts ❛♥❞ ❞✐s❝✉ss✐♦♥ ✹✶
✭❛
✮
▼
♦
r♣
❤
♦
❧♦
❣②
♠
❛
♣
♦
❢
♥
♦
t
❛
♥
♥
❡❛
❧❡
❞
s♣
✉
tt
❡r
❡❞
s❛
♠
♣
❧❡
✭❙
P
✸
✵
❘
❚
✮❀
❝♦
❧♦
r
s❝
❛
❧❡
r❛
♥
❣❡
s
❢r
♦
♠
✲✶
✵
✳✸
♥
♠
✭❜
❧❛
❝❦
✮
t♦
✶
✹
✳✸
♥
♠
✭✇
❤
✐t
❡✮
✳
✭❜
✮
▼
♦
r♣
❤
♦
❧♦
❣②
♠
❛
♣
♦
❢
s♣
✉
tt
❡r
❡❞
s❛
♠
♣
❧❡
✐♥
s✐
t✉
❛
♥
♥
❡❛
❧❡
❞
❛
t
✸
✺
✵
➦
❈
✭❙
P
✸
✵
✲✸
✺
✵
✮❀
❝♦
❧♦
r
s❝
❛
❧❡
r❛
♥
❣❡
s
❢r
♦
♠
✲✶
✷
✳✾
♥
♠
✭❜
❧❛
❝❦
✮
t♦
✶
✼
✳✻
♥
♠
✭✇
❤
✐t
❡✮
✳
✭❝
✮
▼
♦
r♣
❤
♦
❧♦
❣②
♠
❛
♣
♦
❢
✹
✺
✵
➦
❈
✢
❛
s❤
❛
♥
♥
❡❛
❧❡
❞
s♣
✉
tt
❡r
❡❞
s❛
♠
♣
❧❡
✭❙
P
✸
✵
❘
❚
✹
✺
✵
✮❀
❝♦
❧♦
r
s❝
❛
❧❡
r❛
♥
❣❡
s
❢r
♦
♠
✲✶
✵
✳✸
♥
♠
✭❜
❧❛
❝❦
✮
t♦
✶
✵
✳✹
♥
♠
✭✇
❤
✐t
❡✮
✳
✭❞
✮
▼
♦
r♣
❤
♦
❧♦
❣②
♠
❛
♣
♦
❢
✸
✺
✵
➦
❈
❛
♥
♥
❡❛
❧❡
❞
t❤
❡r
♠
❛
❧
❞
❡♣
♦
s✐
t❡
❞
s❛
♠
♣
❧❡
✭❚
❍
✸
✵
❘
❚
✸
✺
✵
✮❀
❝♦
❧♦
r
s❝
❛
❧❡
r❛
♥
❣❡
s
❢r
♦
♠
✲✶
✸
✳✼
♥
♠
✭❜
❧❛
❝❦
✮
t♦
✶
✸
✳✶
♥
♠
✭✇
❤
✐t
❡✮
✳
✭❡
✮
P
♦
t❡
♥
t✐
❛
❧
♠
❛
♣
♦
❢
♥
♦
t
❛
♥
♥
❡❛
❧❡
❞
s♣
✉
tt
❡r
❡❞
s❛
♠
♣
❧❡
✭❙
P
✸
✵
❘
❚
✮❀
❝♦
❧♦
r
s❝
❛
❧❡
r❛
♥
❣❡
s
❢r
♦
♠
✲✹
✼
♠
❱
✭❜
❧❛
❝❦
✮
t♦
✲✸
✺
♠
❱
✭✇
❤
✐t
❡✮
✳
✭❢
✮
P
♦
t❡
♥
t✐
❛
❧
♠
❛
♣
♦
❢
s♣
✉
tt
❡r
❡❞
s❛
♠
✲
♣
❧❡
✐♥
s✐
t✉
❛
♥
♥
❡❛
❧❡
❞
❛
t
✸
✺
✵
➦
❈
✭❙
P
✸
✵
✲
✸
✺
✵
✮❀
❝♦
❧♦
r
s❝
❛
❧❡
❢r
♦
♠
✲✸
✶
✳✸
♠
❱
✭❜
❧❛
❝❦
✮
t♦
✲✺
✳✵
♠
❱
✭✇
❤
✐t
❡✮
✳
✭❣
✮
P
♦
t❡
♥
t✐
❛
❧
♠
❛
♣
♦
❢
✹
✺
✵
➦
❈
✢
❛
s❤
❛
♥
♥
❡❛
❧❡
❞
s♣
✉
tt
❡r
❡❞
s❛
♠
♣
❧❡
✭❙
P
✸
✵
❘
❚
✹
✺
✵
✮❀
❝♦
❧♦
r
s❝
❛
❧❡
r❛
♥
❣❡
s
❢r
♦
♠
✲✷
✸
♠
❱
✭❜
❧❛
❝❦
✮
t♦
✲✽
♠
❱
✭✇
❤
✐t
❡✮
✳
✭❤
✮
P
♦
t❡
♥
t✐
❛
❧
♠
❛
♣
♦
❢
✸
✺
✵
➦
❈
❛
♥
✲
♥
❡❛
❧❡
❞
t❤
❡r
♠
❛
❧
❞
❡♣
♦
s✐
t❡
❞
s❛
♠
♣
❧❡
✭❚
❍
✸
✵
❘
❚
✸
✺
✵
✮❀
❝♦
❧♦
r
s❝
❛
❧❡
r❛
♥
❣❡
s
❢r
♦
♠
✲✷
✹
✵
♠
❱
✭❜
❧❛
❝❦
✮
t♦
✲✷
✷
✼
♠
❱
✭✇
❤
✐t
❡✮
✳
❋
✐❣
✉r
❡
✺✳
✽✿
✷
µ
♠
×
✷
µ
♠
❑
P
❋
▼
✐♠
❛❣
❡s
♦❢
✸✵
♥♠
t❤
✐❝
❦
▼
♦❖
x
♦♥
■❚
❖
s❛
♠
♣❧
❡s
✳
❆
❧❧
t❤
❡
✐♠
❛❣
❡s
❛r
❡
tr
❡❛
t❡
❞
❜②
❧✐♥
❡
❛✈
❡r
❛❣
✐♥
❣✳
✹✷
✭❛✮ ▼♦r♣❤♦❧♦❣② ♠❛♣ ♦❢ r♦♦♠ t❡♠✲
♣❡r❛t✉r❡ t❤❡r♠❛❧ ❞❡♣♦s✐t❡❞ s❛♠♣❧❡
♦♥ ■❚❖✳ ❚❤❡ ✐♠❛❣❡ ✇❛s tr❡❛t❡❞
❜② ❧✐♥❡ ❛✈❡r❛❣✐♥❣❀ ❝♦❧♦r s❝❛❧❡ ❢r♦♠
✲✶✹✳✷ ♥♠ ✭❜❧❛❝❦✮ t♦ ✷✷✳✸ ♥♠
✭✇❤✐t❡✮✳
✭❜✮ ▼♦r♣❤♦❧♦❣② ♠❛♣ ♦❢ t❤❡r✲
♠❛❧ ❞❡♣♦s✐t❡❞ s❛♠♣❧❡ ❛♥♥❡❛❧❡❞ ❛t
✸✺✵➦❈ ♦♥ ■❚❖✳ ❚❤❡ ✐♠❛❣❡ ✇❛s
tr❡❛t❡❞ ❜② ❧✐♥❡ ❛✈❡r❛❣✐♥❣❀ ❝♦❧♦r
s❝❛❧❡ ❢r♦♠ ✲✸✵ ♥♠ ✭❜❧❛❝❦✮ t♦ ✸✷ ♥♠
✭✇❤✐t❡✮✳
✭❝✮ ▼♦r♣❤♦❧♦❣② ♠❛♣ ♦❢ s♣✉tt❡r❡❞
s❛♠♣❧❡ ❛♥♥❡❛❧❡❞ ❛t ✸✺✵➦❈ ♦♥ s✐❧✲
✐❝♦♥✳ ❚❤❡ ✐♠❛❣❡ ✇❛s tr❡❛t❡❞ ❜②
❧✐♥❡ ❛✈❡r❛❣✐♥❣❀ ❝♦❧♦r s❝❛❧❡ r❛♥❣❡s
❢r♦♠ ✲✷✵✳✼ ♥♠ ✭❜❧❛❝❦✮ t♦ ✷✻✳✺ ♥♠
✭✇❤✐t❡✮✳
❋✐❣✉r❡ ✺✳✾✿ ❍❡✐❣❤t ♠❛♣s ♦❢ ❞✐✛❡r❡♥t ✸✵ ♥♠ t❤✐❝❦ ▼♦❖x s❛♠♣❧❡s✱ ♦❜t❛✐♥❡❞ ❛t t❤❡ ❯♥✐✲
✈❡rs✐t② ♦❢ ❇♦❧♦❣♥❛ ✭s✐③❡✿ ✷ µ♠×✷ µ♠✮✳
❳P❙✷ ❚room ✸✵✵➦❈ ✸✺✵➦❈ ✹✵✵➦❈ ✹✺✵➦❈ ✺✵✵➦❈
●r❛✐♥ ❞✐❛♠❡t❡r ✭♥♠✮ ✷✶±✸ ✷✶±✸ ✷✼±✺ ✹✹±✶✷ ✶✶✵±✻✵ ✷✷✵±✼✵
❘♦✉❣❤♥❡ss ✭♥♠✮ ✶✳✽±✵✳✾ ✷✳✼±✵✳✽ ✽±✷ ✾±✸ ✺✾±✶✽ ✺✾±✶✾
P♦t❡♥t✐❛❧ ❝♦♥tr❛st ✭♠❱✮ ❤♦♠♦❣❡♥❡♦✉s ❤♦♠♦❣❡♥❡♦✉s ✼±✺ ✶✶±✾ ✶✵±✼ ✷✷±✾
❚❛❜❧❡ ✺✳✷✿ ❳P❙✷ s❛♠♣❧❡✿ ♣❤②s✐❝❛❧ q✉❛♥t✐t✐❡s ♠❡❛s✉r❡❞ ❜② ❑P❋▼✳
✸✵ ♥♠ ▼♦❖x ♦♥ ■❚❖ ❙P✸✵❘❚ ❙P✸✵✲✸✺✵ ❙P✸✵❘❚✹✺✵ ❚❍✸✵❘❚✸✺✵
●r❛✐♥ ❞✐❛♠❡t❡r ✭♥♠✮ ✸✼±✶✶ ✾✵±✷✵ ✻✸±✶✶ ✺✻±✶✸
❆❣❣r❡❣❛t❡ ❞✐❛♠❡t❡r ✭♥♠✮ ✶✻✵±✸✵ ✶✾✵±✺✵ ✶✼✵±✹✵
❘♦✉❣❤♥❡ss ✭♥♠✮ ✶✾±✻ ✶✺±✺ ✶✺±✺ ✷✷±✻
P♦t❡♥t✐❛❧ ❝♦♥tr❛st ❤♦♠✳ ❤♦♠✳ ❤♦♠✳ ❤♦♠
❚❛❜❧❡ ✺✳✸✿ P❤②s✐❝❛❧ q✉❛♥t✐t✐❡s ♦❢ ✸✵ ♥♠ t❤✐❝❦ ▼♦❖x s❛♠♣❧❡s ♦♥ ■❚❖ ♠❡❛s✉r❡❞ ❜② ❑P❋▼✳
❈❤❛♣t❡r ✺✳ ❘❡s✉❧ts ❛♥❞ ❞✐s❝✉ss✐♦♥ ✹✸
❋♦r ❤✐❣❤ t❡♠♣❡r❛t✉r❡s✱ t❤❡ ❞✐❛♠❡t❡r ♦❢ ❧❛r❣❡ ❣r❛✐♥s ✇❛s ❝♦♥s✐❞❡r❡❞✿ ❡✈❡♥ ✐❢ ✐t ✐s st✐❧❧
♣♦ss✐❜❧❡ t♦ ❞✐st✐♥❣✉✐s❤ s✉❜❣r❛✐♥s ✐♥s✐❞❡ t❤❡♠✱ t❤❡ s✐❣♥✐✜❝❛♥t ❡✈❡♥t ✐s t❤❛t ❛❣❣r❡❣❛t❡s
♠❡❧t t♦❣❡t❤❡r✳ ◆❡✈❡rt❤❡❧❡ss✱ ✐♥ t❤❡ ❝❛s❡ ♦❢ ▼♦❖x ♦♥ ■❚❖✱ t❛❜❧❡ ✺✳✸ ❞✐s♣❧❛②s ❞✐♠❡♥s✐♦♥s
♦❢ ❜♦t❤ ❛❣❣r❡❣❛t❡s ❛♥❞ ❡❧❡♠❡♥t❛❧ ❣r❛✐♥s ✇✐t❤✐♥ t❤❡♠✳
■♥ t❤❡ ❝❛s❡ ♦❢ ❝♦♠♣❛r✐s♦♥ ♠❡❛s✉r❡♠❡♥ts ❝❛rr✐❡❞ ♦✉t ✐♥ ❇♦❧♦❣♥❛✱ ❛ s✉♠♠❛r② ♦❢ ♠♦r✲
♣❤♦❧♦❣② ❛♥❞ ♣♦t❡♥t✐❛❧ r❡s✉❧ts ✐s ✈✐s✐❜❧❡ ✐♥ t❛❜❧❡ ✺✳✹✳ ❙✐♥❝❡ t❤❡ ✈❛❧✉❡s ♦♥❧② ❛✐♠ ❛t ♣r♦✈✐❞✐♥❣
❛ ❞♦✉❜❧❡✲❝❤❡❝❦ ❝♦♥✜r♠❛t✐♦♥ ♦❢ t❤❡ ♦♥❡s ♦❜t❛✐♥❡❞ ✐♥ P❛r✐s✱ ❛♥② ❞❡t❛✐❧❡❞ ❡rr♦r ❛♥❛❧②s✐s
❤❛s ♥♦t ❜❡❡♥ ❝❛rr✐❡❞ ♦✉t✳ ❋♦r t❤❡ s❛♠♣❧❡ ❞❡♣♦s✐t❡❞ ♦♥ s✐❧✐❝♦♥ t❤❡ ❣r❛✐♥ s✐③❡ ❞❛t❛ ❛r❡ r❡✲
❢❡rr❡❞ t♦ r♦✉♥❞ str✉❝t✉r❡s ❞✐st✐♥❣✉✐s❤❛❜❧❡ ♦♥ t❤❡ t♦♣♦❣r❛♣❤② ✐♥ ✜❣✉r❡ ✺✳✾❝✱ ❡✈❡♥ t❤♦✉❣❤
t❤❡ s✉r❢❛❝❡ ✐s ✉♥❡①♣❡❝t❡❞❧② ❞♦♠✐♥❛t❡❞ ❜② ✜❧❛♠❡♥t✲❧✐❦❡ ❣r❛✐♥s ✇✐t❤ ❛ ❧❡♥❣t❤ ❜❡t✇❡❡♥
✷✺✵ ❛♥❞ ✻✺✵ ♥♠ ❛♥❞ ❛ ✇✐❞t❤ ♦❢ ∼✷✵ ♥♠✱ ✇❤✐❝❤ ✇❛s ♥♦t ♦❜s❡r✈❡❞ ✐♥ ❳P❙✶ ❛♥❞ ❳P❙✷
♠♦r♣❤♦❧♦❣✐❡s✳
■♥ ❛♥② ❝❛s❡✱ t❤❡ ♦r❞❡r ♦❢ ♠❛❣♥✐t✉❞❡ ♦❢ t❤❡ ♣r❡s❡♥t ♠♦r♣❤♦❧♦❣✐❝❛❧ ♣r♦♣❡rt✐❡s ✐s ✐♥
s❛t✐s❢❛❝t♦r② ❛❣r❡❡♠❡♥t ✇✐t❤ t❤❡ r❡s✉❧ts ♦❢ ❑P❋▼ ♣❡r❢♦r♠❡❞ ❛t ■◆❙P✱ s♦ t❤❛t ✇❡ ❝❛♥
❝♦♥✜r♠ t❤❡✐r r❡❧✐❛❜✐❧✐t②✳ ❆❧s♦ ❡①tr❛❝t❡❞ ✈❛❧✉❡s ♦❢ ♦①✐❞❡ ✇♦r❦ ❢✉♥❝t✐♦♥ ❛r❡ ✐♥ t❤❡ s❛♠❡
r❛♥❣❡ ♦❢ t❤❡ ♠♦r❡ r✐❣♦r♦✉s ♦♥❡s ❢r♦♠ ❯P❙ r❡♣♦rt❡❞ ❜❡❧♦✇ ✐♥ s❡❝t✐♦♥ ✺✳✶✳✷✱ ❜✉t ❝❛✉t✐♦♥
✐s r❡q✉✐r❡❞ ✐♥ t❤❡ ❡✈❛❧✉❛t✐♦♥ ♦❢ t❤❡s❡ ❞❛t❛ ❞✉❡ t♦ t❤❡ ❤✐❣❤ ♥♦✐s❡ ❧❡✈❡❧s ✇❤✐❝❤ ❝♦✉❧❞
♥♦t ❜❡ r❡♠♦✈❡❞ ❝❤❛♥❣✐♥❣ ❡①♣❡r✐♠❡♥t❛❧ ♣❛r❛♠❡t❡rs✱ t❤❡ ❝♦♥s✐❞❡r❛❜❧❡ ♣r❡s❡♥❝❡ ♦❢ s✉r❢❛❝❡
❝♦♥t❛♠✐♥❛t✐♦♥ ✐♥ ❛✐r ❛♥❞ t❤❡ ❞✐✣❝✉❧t② t♦ ❝❤♦♦s❡ ❛ ✉♥✐q✉❡ r❡❢❡r❡♥❝❡ ✈❛❧✉❡ ❢♦r ❣♦❧❞ ✇♦r❦
❢✉♥❝t✐♦♥ ✲ ❛ ✇✐❞❡ r❛♥❣❡ ♦❢ ❞❛t❛ ❝❛♥ ❜❡ ❢♦✉♥❞ ✐♥ ❧✐t❡r❛t✉r❡ ❛❝❝♦r❞✐♥❣ t♦ ♠❡❛s✉r❡♠❡♥t
♠❡t❤♦❞ ❛♥❞ ❝♦♥❞✐t✐♦♥s ❛♥❞ ❝r②st❛❧❧✐♥❡ str✉❝t✉r❡ ♦❢ s❛♠♣❧❡s[✷✹]✳ ❆t t❤✐s r❡❣❛r❞✱ ❢✉rt❤❡r
♣r♦❝❡❞✉r❡s ♦❢ s✉r❢❛❝❡ tr❡❛t♠❡♥t ❧✐❦❡ ✈❛❝✉✉♠ ❛♥♥❡❛❧✐♥❣ ❝♦♠❜✐♥❡❞ ✇✐t❤ ♣♦❧②♠❡r✐❝ ❝♦❛t✐♥❣
❛r❡ st✐❧❧ ♦♥❣♦✐♥❣ ✐♥ ♦r❞❡r t♦ r❡❞✉❝❡ s❛♠♣❧❡ ❝♦✈❡r❛❣❡ ♦❢ ❛❞s♦r❜❛t❡s ✐♥ ❑P❋▼♠❡❛s✉r❡♠❡♥ts
✐♥ ❛✐r✳
❚❤ ❘❚ ♦♥ ■❚❖ ❚❤ ✸✺✵➦❈ ♦♥ ■❚❖ ❙♣ ✸✺✵➦❈ ♦♥ ❙✐
●r❛✐♥ ❞✐❛♠❡t❡r ✭♥♠✮ ✶✼✵ ✺✵ ✭❛❣❣r❡❣❛t❡s ∼ ✷✵✵✮ ✼✵
❘♦✉❣❤♥❡ss ✭♥♠✮ ✶✻ ✷✺ ✷✹
❲♦r❦ ❢✉♥❝t✐♦♥ ✭❡❱✮ ✺✳✹ ✺✳✸ ✺✳✸
❚❛❜❧❡ ✺✳✹✿ P❤②s✐❝❛❧ q✉❛♥t✐t✐❡s ♦❢ ✸✵ ♥♠ t❤✐❝❦ ▼♦❖x s❛♠♣❧❡s ♠❡❛s✉r❡❞ ❜② ❑P❋▼ ❛t t❤❡
❯♥✐✈❡rs✐t② ♦❢ ❇♦❧♦❣♥❛✳
❚♦ ❤✐❣❤❧✐❣❤t t❤❡ ✐♥✢✉❡♥❝❡ ♦❢ t❤❡r♠❛❧ tr❡❛t♠❡♥t✱ ♣❧♦ts ✺✳✶✵❛ ❛♥❞ ✺✳✶✵❜ ❞✐s♣❧❛② ❤♦✇
❣r❛✐♥ ❞✐❛♠❡t❡r ❛♥❞ r♦✉❣❤♥❡ss ❡✈♦❧✈❡ ✇✐t❤ ❛♥♥❡❛❧✐♥❣ t❡♠♣❡r❛t✉r❡ ❢♦r ▼♦❖x ❞❡♣♦s✐t❡❞ ♦♥
s✐❧✐❝♦♥ ✭❳P❙✶ ❛♥❞ ❳P❙✷✮✳ ❯♣ t♦ ∼✹✵✵➦❈ t❤❡ t✇♦ s❛♠♣❧❡s ❤❛✈❡ s✐♠✐❧❛r t♦♣♦❣r❛♣❤✐❝❛❧
❝❤❛r❛❝t❡r✐st✐❝s ❛♥❞ s✉r❢❛❝❡s ❛r❡ q✉✐t❡ ✢❛t✳ ❚❤❡ t✉r♥✐♥❣ ♣♦✐♥t ✐♥ ❛♥♥❡❛❧✐♥❣ ❝②❝❧❡ ✐s ❛r♦✉♥❞
✹✵✵➦❈✿ ❢r♦♠ ❤❡r❡ ♦♥✇❛r❞s ♥❛♥♦❛❣❣r❡❣❛t❡s ❣r♦✇ ❧❛r❣❡r ❛♥❞ s✉r❢❛❝❡ ❝♦rr✉❣❛t✐♦♥ ❝♦♥t✐♥✉❡s
✐♥❝r❡❛s✐♥❣✳ ▼♦r❡♦✈❡r✱ ❳P❙✷✱ ✇✐t❤ ❛ ❣r❡❛t❡r ♦①②❣❡♥ ❝♦♥t❡♥t ✐♥ ✐ts st♦✐❝❤✐♦♠❡tr②✱ r❡✈❡❛❧s
♠♦r❡ ❛♣♣❛r❡♥t ❢❡❛t✉r❡s t❤❛♥ s✉❜st♦✐❝❤✐♦♠❡tr✐❝ ❳P❙✶✱ ❢♦r ❡①❛♠♣❧❡ ❛ ❞♦✉❜❧❡ r♦✉❣❤♥❡ss ❛t
✹✺✵➦❈ ❛♥❞ ❛ tr✐♣❧❡ ❣r❛✐♥ ❞✐❛♠❡t❡r ❛t ✺✵✵➦❈✳ ❚❤✐s ❢❛❝t ✐s ❝♦♥s✐st❡♥t ✇✐t❤ ♣r❡✈✐♦✉s r❡s❡❛r❝❤
❝♦♥❝❧✉s✐♦♥s[✺][✻] ❛♥❞ s✉❣❣❡sts ❛♥ ✐♠♣♦rt❛♥t r♦❧❡ ♦❢ ♦①②❣❡♥ ✐♥ tr✐❣❣❡r✐♥❣ ❛♥❞ ❤❡❧♣✐♥❣ ❣r❛✐♥
♥✉❝❧❡❛t✐♦♥✳
❳P❙✶ ❛♥❞ ❳P❙✷ ♣♦t❡♥t✐❛❧ ❞❛t❛ ❛r❡ ♥♦t ❛s ❝❧❡❛r t♦ ❛♥❛❧②③❡ ❛♥❞ ♥♦ ❞❡✜♥✐t✐✈❡ ❝♦♥❝❧✉s✐♦♥
❝♦✉❧❞ ❜❡ ❡①tr❛♣♦❧❛t❡❞ ✇✐t❤✐♥ ❡rr♦r ✐♥t❡r✈❛❧s✳ ■♥ t❤✐s ❝♦♥t❡①t ❛ ♠♦r❡ ♣r❡❝✐s❡ ❡①♣❡r✐♠❡♥t❛❧
t❡❝❤♥✐q✉❡ ✐s ♥❡❡❞❡❞✱ ❡✈❡♥ ✐❢ ✐t s❡❡♠s t❤❛t ♣♦t❡♥t✐❛❧ ❞✐✛❡r❡♥❝❡s ❜❡t✇❡❡♥ s✉r❢❛❝❡ s✐t❡s
✐♥❝r❡❛s❡ ❞✉r✐♥❣ ❛♥♥❡❛❧✐♥❣ ✐♥ r❡❧❛t✐♦♥ t♦ ♠♦r♣❤♦❧♦❣② ❝❤❛♥❣❡s ✭♦t❤❡r ♣♦t❡♥t✐❛❧ ❝♦♥tr❛st
✹✹
✭❛✮ ●r❛✐♥ s✐③❡ ❡✈♦❧✉t✐♦♥ ❛❝❝♦r❞✐♥❣ t♦ ❛♥♥❡❛❧✐♥❣
t❡♠♣❡r❛t✉r❡ ❢♦r ❳P❙✶ ❛♥❞ ❳P❙✷✳
✭❜✮ ❙✉r❢❛❝❡ r♦✉❣❤♥❡ss ❡✈♦❧✉t✐♦♥ ❛❝❝♦r❞✐♥❣ t♦
❛♥♥❡❛❧✐♥❣ t❡♠♣❡r❛t✉r❡ ❢♦r ❳P❙✶ ❛♥❞ ❳P❙✷ ✳
❋✐❣✉r❡ ✺✳✶✵✿ ❚♦♣♦❣r❛♣❤② ❡✈♦❧✉t✐♦♥ ❞✉r✐♥❣ ❛♥♥❡❛❧✐♥❣ tr❡❛t♠❡♥t ♦♥ ❳P❙✶ ❛♥❞ ❳P❙✷✳
♠❡❛s✉r❡♠❡♥ts ♦♥ ❳P❙✷ ❛♥♥❡❛❧❡❞ ❛t ✺✵✵➦❈ ❛s ❡①♣❧❛✐♥❡❞ ✐♥ ❛♣♣❡♥❞✐① ❆ ❣❛✈❡ ✈❛❧✉❡s ♦❢
✭✷✾±✻✮ ♠❱ ❛♥❞ ✭✸✶±✽✮ ♠❱✮✳
❍♦✇❡✈❡r✱ ✐t ❝❛♥ ❜❡ ❤②♣♦t❤❡s✐③❡❞ t❤❛t ❈P❉ ❞✐✛❡r❡♥❝❡s ♦♥ t❤❡ s❛♠♣❧❡ ❛r❡ ❝❛✉s❡❞ ❜②
❝❛♣❛❝✐t✐✈❡ ❛rt✐❢❛❝ts ❞✐r❡❝t❧② ❧✐♥❦❡❞ t♦ t♦♣♦❣r❛♣❤✐❝❛❧ ❢❡❛t✉r❡s✳ ■♥ ❢❛❝t✱ s✉r❢❛❝❡ ✈❛❧❧❡②s ❛♥❞
♣❡❛❦s ❝❛♥ ❛❝t ❛s ✬♣❤②s✐❝❛❧ tr❛♣s✬ ❢♦r ❝❤❛r❣❡s ♦r ❝❤❛♥♥❡❧ t❤❡✐r ❞✐str✐❜✉t✐♦♥ ♦♥ t❤❡ s❛♠♣❧❡✱
s♦ t❤❛t ♣♦t❡♥t✐❛❧ ♠❛♣s ❝❧♦s❡❧② r❡s❡♠❜❧❡ ♠♦r♣❤♦❧♦❣② ♦♥❡s✳
■♥ ❛♥② ❝❛s❡✱ s♦♠❡ ♦❢ t❤❡ ❈P❉ s❝❛♥s s❡❡♠ t♦ r❡✈❡❛❧ ❢✉rt❤❡r ❞✐✛❡r❡♥❝❡s ♦♥ t❤❡ s✉r❢❛❝❡
✇❤✐❝❤ ❞♦ ♥♦t ♠✐rr♦r ♦①✐❞❡ t♦♣♦❣r❛♣❤✐❝❛❧ str✉❝t✉r❡✿ ❢♦r ❡①❛♠♣❧❡✱ ③♦♥❡s ♦❢ ❧♦✇ ❛♥❞ ❤✐❣❤
♣♦t❡♥t✐❛❧ ❧❛r❣❡r t❤❛♥ s✉r❢❛❝❡ ❣r❛✐♥s ✭❤✉♥❞r❡❞s ♦❢ ♥❛♥♦♠❡t❡rs✮ ❛r❡ s❧✐❣❤t❧② ❞✐st✐♥❣✉✐s❤❛❜❧❡
✐♥ ✜❣✉r❡ ✺✳✺❢ ❛♥❞ ✺✳✺❤ r❡❢❡rr❡❞ t♦ ❳P❙✶ s❛♠♣❧❡✳ ◆♦♥❡t❤❡❧❡ss✱ t❤❡ ✐♠♣♦rt❛♥t ♣r❡s❡♥❝❡ ♦❢
❛❞s♦r❜❛t❡s s✉❝❤ ❛s ❝❛r❜♦♥ ❝♦♥t❛♠✐♥❛♥ts ♠❛❦❡s ✐t ❞✐✣❝✉❧t t♦ r❡❛❝❤ ❛♥② ❝♦♥❝❧✉s✐♦♥ ❛❜♦✉t
t❤❡ r❡❧❛t✐♦♥ ❜❡t✇❡❡♥ t❤❡s❡ ❛r❡❛s ♦❢ ❞✐✛❡r❡♥t ♣♦t❡♥t✐❛❧ ❛♥❞ t❤❡ s✉❜st♦✐❝❤✐♦♠❡tr✐❝ ❣r❛✐♥s
✇✐t❤ ❛ ✈❛r✐❡t② ♦❢ ✇♦r❦ ❢✉♥❝t✐♦♥s ❞❡♠♦♥str❛t❡❞ ✐♥ r❡❢✳ ❬✻❪✳
❆❜♦✉t t❤❡ ❞✐s❝r❡♣❛♥❝✐❡s ❜❡t✇❡❡♥ ❞❛t❛ ❡①tr❛❝t❡❞ ❢♦r s✐❧✐❝♦♥ ❛♥❞ ■❚❖✲❞❡♣♦s✐t❡❞ s❛♠✲
♣❧❡s✱ ❛ s❝r❡❡♥✐♥❣ ❡✛❡❝t ❞❡t❡r♠✐♥❡❞ ❜② ❙✐ ❝❛♥ ❜❡ ❛ss✉♠❡❞✳ ■♥ ❢❛❝t✱ t❤❡ ❝♦rr❡s♣♦♥❞❡♥❝❡
❜❡t✇❡❡♥ t♦♣♦❣r❛♣❤② ❛♥❞ ♣♦t❡♥t✐❛❧ ♠❛♣s ❣r♦✇s ♠♦r❡ ❡✈✐❞❡♥t ✇✐t❤ ❛♥♥❡❛❧✐♥❣ t❡♠♣❡r❛t✉r❡
❢♦r ❙✐✲❞❡♣♦s✐t❡❞ s❛♠♣❧❡s✱ ✇❤❡r❡❛s ❈P❉ ♠❛♣s r❡♠❛✐♥ ❛❧♠♦st ✢❛t ✐♥ t❤❡ ❝❛s❡ ♦❢ ■❚❖✳
❋✉rt❤❡r ♠♦r❡✱ s✐❧✐❝♦♥ s✉❜str❛t❡ ❞✐✛❡rs ❢r♦♠ ■❚❖ ✐♥ ✐ts ✢❛t♥❡ss t❤❛t ❛❧❧♦✇s ❞❡♣♦s✐t❡❞
♦①✐❞❡ t♦ ❞❡✈❡❧♦♣ ❣r❛✐♥ ❢❡❛t✉r❡s ❞✉r✐♥❣ ❛♥♥❡❛❧✐♥❣ ❛❝❝♦r❞✐♥❣ t♦ ✐ts ♦✇♥ ❛❣❣r❡❣❛t✐♦♥ ♠❡❝❤❛✲
♥✐s♠s✱ ✇❤❡r❡❛s t❤❡ ❛❧r❡❛❞② ❝♦rr✉❣❛t❡❞ ■❚❖ s✉r❢❛❝❡ ❧✐♠✐ts t❤✐s ♣r♦❝❡ss✳ ❊①❛♠♣❧❡s ♦❢ ■❚❖
❆❋▼ ♠❛♣s r❡✈❡❛❧✐♥❣ ❝❧♦s❡❧② r❡s❡♠❜❧❛♥❝❡ t♦ t❤❡ t♦♣♦❣r❛♣❤② ♦❢ s✉❜s❡q✉❡♥t❧② ❞❡♣♦s✐t❡❞
▼♦❖x ❛r❡ s❤♦✇♥ ✐♥ r❡❢✳ ❬✷✻❪✳
❆s ❛ ❝♦♥s❡q✉❡♥❝❡✱ r♦✉❣❤♥❡ss ✐s st❛❜❧❡ ❞✉r✐♥❣ ❛♥♥❡❛❧✐♥❣ ❢♦r ■❚❖✲❞❡♣♦s✐t❡❞ s❛♠♣❧❡s ❛t
❛r♦✉♥❞ ✷✵ ♥♠✱ ✇❤✐❝❤ ❞♦❡s ♥♦t r❡s✉❧t ✐♥ ♣♦t❡♥t✐❛❧ ❝♦♥tr❛st✱ ✇❤✐❧❡ ♣❡❛❦✲✈❛❧❧❡② ❞✐✛❡r❡♥❝❡s ♦♥
❙✐ r❡❛❝❤ ∼✻✵ ♥♠ ❢♦r t❤❡ ❧❛st ❛♥♥❡❛❧✐♥❣ st❡♣s✱ s♦ t❤❛t ❝❧❡❛r❡r ❝♦rr❡s♣♦♥❞❡♥❝❡ ✐♥ ❈P❉ ♠❛♣s
❝❛♥ ❜❡ ❞❡t❡❝t❡❞ ❞✉❡ t♦ t❤❡ ❛❢♦r❡♠❡♥t✐♦♥❡❞ ❝❛♣❛❝✐t✐✈❡ ❛rt✐❢❛❝ts✳ ❚❤✐s s②st❡♠❛t✐❝ st✉❞②
t❤❡r❡❢♦r❡ r❡✈❡❛❧s t❤❡ r♦❧❡ ♦❢ t❤❡ s✉❜str❛t❡ ✐♥ ❞❡t❡r♠✐♥✐♥❣ ♠♦r♣❤♦❧♦❣✐❝❛❧ ❛♥❞ ❡❧❡❝tr✐❝❛❧
♣r♦♣❡rt✐❡s ♦❢ t❤❡ s❛♠♣❧❡s✳
❆♣♣❡♥❞✐① ❇ ♣r♦✈✐❞❡s ❛ ♠♦r❡ ❞❡t❛✐❧❡❞ ❞✐s❝✉ss✐♦♥ ❛❜♦✉t t❤❡ ✐♥✢✉❡♥❝❡ ♦❢ ❣r❛✐♥ ❜♦✉♥❞✲
❛r✐❡s ✐♥ ♣♦t❡♥t✐❛❧ ♠❡❛s✉r❡♠❡♥ts ❛♥❞ ❛❞❞✐t✐♦♥❛❧ ❡❧❡♠❡♥ts ❡①tr❛❝t❡❞ ❜② ❛❞❤❡s✐♦♥ ♠❛♣
❛♥❛❧②s✐s✳
❆s t♦ ▼♦❖x ♦♥ ■❚❖✱ t❤❡ ❛♥♥❡❛❧✐♥❣ t❡♠♣❡r❛t✉r❡s ♦❢ ✸✺✵➦❈ ❛♥❞ ✹✺✵➦❈ ✇❡r❡ ❝❤♦s❡♥
❈❤❛♣t❡r ✺✳ ❘❡s✉❧ts ❛♥❞ ❞✐s❝✉ss✐♦♥ ✹✺
❜❡❝❛✉s❡ ✐♥ t❤✐s ✐♥t❡r✈❛❧ ❳P❙✶✴❳P❙✷ s❤♦✇❡❞ t❤❡ ♠♦st ✐♠♣♦rt❛♥t r♦✉❣❤♥❡ss ❛♥❞ ❣r❛✐♥
s✐③❡ ❝❤❛♥❣❡s✳ ❖♥ t❤❡ ❝♦♥tr❛r②✱ t❤❡s❡ ♣r♦♣❡rt✐❡s ❛r❡ q✉✐t❡ ❝♦♥st❛♥t r❡❣❛r❞❧❡ss ♦❢ t❤❡
❞❡♣♦s✐t✐♦♥ t❡❝❤♥✐q✉❡ ♦♥ ■❚❖✳ ■♥ ❢❛❝t✱ ❛❝❝♦r❞✐♥❣ t♦ t❛❜❧❡ ✺✳✸ ❛♥❞ t♦ t❤❡ ✐♠❛❣❡s ✐♥ ✜❣✉r❡
✺✳✽✱ t❤❡ ❢♦✉r s❛♠♣❧❡s ❞♦ ♥♦t ❡①❤✐❜✐t ❛ ❝❧❡❛r ❡✈♦❧✉t✐♦♥ ❞✉r✐♥❣ t❤❡ ❛♥♥❡❛❧✐♥❣ tr❡❛t♠❡♥t
♥♦r ❛♥② ❞✐✛❡r❡♥❝❡ ❜❡t✇❡❡♥ t❤❡r♠❛❧ ❞❡♣♦s✐t❡❞ ❛♥❞ s♣✉tt❡r❡❞ ▼♦❖x✱ ✐♥s✐❞❡ t❤❡ ❡rr♦r ❜❛r
r❛♥❣❡✳ ❚❤❡ ❣r❛✐♥ s✐③❡ ✲ ❡s♣❡❝✐❛❧❧② ❛❣❣r❡❣❛t❡ ❞✐♠❡♥s✐♦♥ ✲ ❞♦❡s ♥♦t ❡✈✐❞❡♥t❧② ❝❤❛♥❣❡ ❞✉r✐♥❣
❤❡❛t✐♥❣✳ ❇❡s✐❞❡s✱ t♦♣♦❣r❛♣❤✐❝❛❧ r♦✉❣❤♥❡ss ✐s s✐♠✐❧❛r ❢♦r ❡✈❡r② s❛♠♣❧❡ ❛♥❞ ♣♦t❡♥t✐❛❧ ♠❛♣s
❛r❡ ❛❧♠♦st ✢❛t✱ r❡✈❡❛❧✐♥❣ ❛ ✈❡r② ❤♦♠♦❣❡♥❡♦✉s s✉r❢❛❝❡ ❞❡s♣✐t❡ ♦❢ t❤❡r♠❛❧ tr❡❛t♠❡♥t✳
❆s ❛❧r❡❛❞② st❛t❡❞✱ ❢♦r ♦①✐❞❡s ❞❡♣♦s✐t❡❞ ❜♦t❤ ♦♥ s✐❧✐❝♦♥ ❛♥❞ ♦♥ ■❚❖✱ t❤❡ ❞✐✣❝✉❧t② t♦
❞❡t❡❝t ❛♥② ♣♦t❡♥t✐❛❧ ❢❡❛t✉r❡ ♠✐❣❤t ❜❡ ❞✉❡ t♦ t❤❡ ❛♠♦✉♥t ♦❢ ❝❛r❜♦♥ ❝♦♥t❛♠✐♥❛t✐♦♥ ♦♥ t❤❡
s✉r❢❛❝❡✱ s✐♥❝❡ ❑P❋▼ ✐s ♥♦t ✉s❡❞ ✐♥ ✈❛❝✉✉♠ ♦r ✉♥❞❡r ❝♦♥tr♦❧❧❡❞ ❛t♠♦s♣❤❡r❡✿ ❛❜s♦❧✉t❡
❈P❉ ✈❛❧✉❡s ❛r❡ t❤❡r❡❢♦r❡ ♥♦t r❡♣r♦❞✉❝✐❜❧❡ ♥♦r r❡❧✐❛❜❧❡ ❛♥❞ ♣♦t❡♥t✐❛❧ ❝♦♥tr❛st ❡✈♦❧✉t✐♦♥
❞✉r✐♥❣ ❛♥♥❡❛❧✐♥❣ ✐s ❧✐♠✐t❡❞ t♦ ❢❡✇ ♠✐❧❧✐✈♦❧t✳
■♥ ❣❡♥❡r❛❧✱ ❑P❋▼ r❡s✉❧ts s✉❣❣❡st t❤❛t ♣❤♦t♦❡♠✐ss✐♦♥ st✉❞✐❡s ❛s ❳P❙ ❛♥❞ s②♥❝❤r♦tr♦♥
❳P❊❊▼ ❛r❡ ❝r✉❝✐❛❧ t♦ ❡♥❤❛♥❝❡ ❈P❉ ♠❡❛s✉r❡♠❡♥t r❡s♦❧✉t✐♦♥✱ t♦ ❛❝❤✐❡✈❡ ❛❜s♦❧✉t❡ s✉r❢❛❝❡
✇♦r❦ ❢✉♥❝t✐♦♥ ✈❛❧✉❡s ❛♥❞ t♦ ♣r♦✈✐❞❡ ❛ ❞❡❡♣❡r ✐♥s✐❣❤t ✐♥t♦ ❝❤❡♠✐❝❛❧ s❛♠♣❧❡ ❝❤❛r❛❝t❡r✐st✐❝s
❛♥❞ t❤❡✐r ❡✈♦❧✉t✐♦♥ ❞✉r✐♥❣ ❛♥♥❡❛❧✐♥❣✳
✺✳✶✳✷ ❳P❙✴❯P❙
Pr♦t♦❝♦❧
❉✐✛❡r❡♥t ■❚❖✲❞❡♣♦s✐t❡❞ ▼♦❖x s❛♠♣❧❡s ✇❡r❡ st✉❞✐❡❞ ✲ t❤❡ ♦♥❡s ❛❧r❡❛❞② ♠❡♥t✐♦♥❡❞
✐♥ s❡❝t✐♦♥ ✺✳✶✳✶✳ ■♥ t❤❡ ♣r❡s❡♥t❛t✐♦♥ ♦❢ t❤❡ ❢♦❧❧♦✇✐♥❣ r❡s✉❧ts✱ t❤❡ s❡r✐❡s ♦❢ ♠❡❛s✉r❡♠❡♥ts
♦♥ ❘❚ s♣✉tt❡r❡❞ ▼♦❖x ✐s r❡❣❛r❞❡❞ ❛s ✉♥✐q✉❡ ❡✈❡♥ ✐❢ ❛♥♥❡❛❧✐♥❣ ❛t ❞✐✛❡r❡♥t t❡♠♣❡r❛t✉r❡s
✇❛s ♣❡r❢♦r♠❡❞ ♦♥ s❡♣❛r❛t❡ s❛♠♣❧❡s ✉♣ t♦ ✹✺✵➦❈✳
❚❤❡ s❡r✐❡s ♦❢ ♠❡❛s✉r❡♠❡♥ts ✐♥✈♦❧✈❡❞✿
✶✳ ❛♥ ♦✈❡r✈✐❡✇ ♦❢ ❛ ❧❛r❣❡ ❡♥❡r❣② ✐♥t❡r✈❛❧ ✉♥❞❡r ♠♦♥♦❝❤r♦♠❛t✐❝ ❳✲r❛②s ✭Kα1 ❛❧✉♠✐♥✉♠
❡♠✐ss✐♦♥ ❧✐♥❡✱ ✇✐t❤ hν ❂ ✶✹✽✻✳✼✵ ❡❱✮❀
✷✳ ❞❡t❛✐❧❡❞ s❝❛♥s ❛r♦✉♥❞ t❤❡ ❡♥❡r❣✐❡s ♦❢ ❞✐✛❡r❡♥t ❡❧❡♠❡♥ts ✭❡s♣❡❝✐❛❧❧② ▼♦✸❞ ❛♥❞ ❖✶s✱
❜✉t ❛❧s♦ ❝❛r❜♦♥ ❈✶s t♦ ❝❤❡❝❦ t❤❡ ❧❡✈❡❧ ♦❢ ❝♦♥t❛♠✐♥❛t✐♦♥✮❀
✸✳ ❯P❙ s❝❛♥ ❢♦r ✈❛❧❡♥❝❡ ❜❛♥❞ ♠❡❛s✉r❡♠❡♥t ✭hν ❂ ✷✶✳✷✷ ❡❱✮❀
✹✳ ❯P❙ s❡❝♦♥❞❛r② ❡❧❡❝tr♦♥ ❝✉t♦✛ s❝❛♥ ✇✐t❤ ❛ s❛♠♣❧❡ ❜✐❛s ♦❢ ✲✶✽ ❱ ❢♦r ✇♦r❦ ❢✉♥❝t✐♦♥
❡①tr❛❝t✐♦♥❀
✺✳ ❳P❙ s❝❛♥ ❛❢t❡r ❯P❙ ♠❡❛s✉r❡♠❡♥ts✱ t♦ ❛♥❛❧②③❡ t❤❡ ❡✛❡❝t ♦❢ ❯❱ ❡①♣♦s✉r❡✳
❆❢t❡r s♣❡❝tr❛ ❛❝q✉✐s✐t✐♦♥✱ ❛❧❧ ❳P❙ ❛♥❞ ❯P❙ ❞❛t❛ ✇❡r❡ ♣❧♦tt❡❞ ✈❡rs✉s ❜✐♥❞✐♥❣ ❡♥❡r❣②
❇E✳ ❋❡r♠✐ ❧❡✈❡❧ ✇❛s ❧♦❝❛t❡❞ ❜② ❣♦❧❞ r❡❢❡r❡♥❝❡ ✭❆✉✶✶✶✮ ❝❛❧✐❜r❛t✐♦♥ t♦ ♣r♦✈✐❞❡ ❛ ✜①❡❞ ③❡r♦
❢♦r ❇E s❝❛❧❡✿ ✐t ✐s ✇♦rt❤ ♥♦t✐♥❣ t❤❛t t❤✐s ✐s ♥♦t t❤❡ s❛♠♣❧❡s✬ ❊F ✱ ✇❤✐❝❤ ✈❛r✐❡s ❞✉r✐♥❣
❛♥♥❡❛❧✐♥❣ tr❡❛t♠❡♥t ✇✐t❤ ✈❛❧❡♥❝❡ ❜❛♥❞ ❛♥❞ ✐♥tr❛✲❣❛♣ st❛t❡ ❡✈♦❧✉t✐♦♥✱ ❛s ❡①♣❧❛✐♥❡❞ ✐♥ t❤❡
❢♦❧❧♦✇✐♥❣✳
▼♦❧②❜❞❡♥✉♠ ♣❡❛❦s ✇❡r❡ ❛♥❛❧②③❡❞ ❜② ♠✉❧t✐♣❧❡ ❱♦✐❣t ❢✉♥❝t✐♦♥ ✜t ❛♥❞ s✉❜tr❛❝t✐♦♥
♦❢ ❙❤✐r❧❡② ❜❛❝❦❣r♦✉♥❞ ✭❛ ♠♦❞❡❧ ✇❤♦s❡ ✐♥t❡♥s✐t② ✐s ♣r♦♣♦rt✐♦♥❛❧ t♦ t❤❡ t♦t❛❧ ♣❡❛❦ ❛r❡❛
s✉♠♠❡❞ ♦✈❡r t❤❡ r❛♥❣❡ ♦❢ ❧♦✇❡r ❜✐♥❞✐♥❣ ❡♥❡r❣✐❡s[✷✼]✮✱ t❤❡ ♣❡r❝❡♥t❛❣❡s ❛♥❞ ❡♥❡r❣② ♣♦s✐✲
t✐♦♥s ♦❢ ❞✐✛❡r❡♥t ♦①✐❞❛t✐♦♥ st❛t❡s ✲ ▼♦6+✱ ▼♦5+ ❛♥❞ ▼♦4+ ✲ ✇❡r❡ ✜♥❛❧❧② ❡①tr❛❝t❡❞ ❛♥❞
❛r❡ s✉♠♠❛r✐③❡❞ ✐♥ t❛❜❧❡ ✺✳✺✳
✹✻
❊①♣❡r✐♠❡♥t❛❧ ❡rr♦r ✇❛s ❡st✐♠❛t❡❞ ❛t ✶✸✸ ♠❡❱ ❢r♦♠ ❋❡r♠✐ ❡♥❡r❣② ✇✐❞t❤ ♦❢ ❆❣ r❡❢❡r✲
❡♥❝❡ ❢♦r ❯P❙ ❛♥❞ ❛t ✵✳✻ ❡❱ ❢r♦♠ ❢✇❤♠ ✭❢✉❧❧ ✇✐❞t❤ ❛t ❤❛❧❢ ♠❛①✐♠✉♠✮ ♦❢ ❆❣✸❞5/2 ♣❡❛❦ ❢♦r
❳P❙✳ ▼♦r❡♦✈❡r✱ t❤❡ ♣r❡s❡♥❝❡ ♦❢ ❝❛r❜♦♥ ❝♦♥t❛♠✐♥❛♥ts ✇❛s ♦❜s❡r✈❡❞ ❢r♦♠ t❤❡ ♣❡❛❦ ❈✶s
❛r♦✉♥❞ ❛♥ ❡♥❡r❣② ♦❢ ✷✽✹✳✷ ❡❱✱ ❛s ✈✐s✐❜❧❡ ✐♥ ✜❣✉r❡ ✺✳✶✶ ❢♦r t❤❡ ❛♥♥❡❛❧✐♥❣ ❝②❝❧❡ ♦❢ s♣✉tt❡r❡❞
▼♦❖x✳
❋✐❣✉r❡ ✺✳✶✶✿ ❊✈♦❧✉t✐♦♥ ♦❢ ❈✶s ♣❡❛❦ ❢♦r t❤❡ ❘❚ s♣✉tt❡r❡❞ ▼♦❖x ❛t ❞✐✛❡r❡♥t ❛♥♥❡❛❧✐♥❣
t❡♠♣❡r❛t✉r❡s✳ ■t ✐s ❡✈✐❞❡♥t t❤❡ ❞❡❝r❡❛s❡ ♦❢ t❤❡ ❝❛r❜♦♥ ♣❡❛❦ ❞✉r✐♥❣ s❛♠♣❧❡ ❤❡❛t✐♥❣✳
❋✐❣✉r❡ ✺✳✶✷✿ ❩♦♦♠ ♦♥ t❤❡ ✈❛❧❡♥❝❡ ❜❛♥❞
❡❞❣❡ ❢♦r ❘❚ s♣✉tt❡r❡❞ ▼♦❖x ❛♥♥❡❛❧❡❞
❛t ✹✺✵➦❈✳ ❚✇♦ ❞✐✛❡r❡♥t ❧✐♥❡❛r ✜ts ❛r❡
♥❡❡❞❡❞ t♦ ❞❡t❡❝t t❤❡ r❡s♣❡❝t✐✈❡ ❡♥❡r❣✐❡s
♦❢ ✈❛❧❡♥❝❡ ♦r❜✐t❛❧s ❛r✐s✐♥❣ ❢r♦♠ ❖✷♣ ❛♥❞
❞❡❢❡❝t st❛t❡s ✭❢r♦♠ t❤❡ ✐♥t❡rs❡❝t✐♦♥ ✇✐t❤
t❤❡ ❜❛❝❦❣r♦✉♥❞ ✐♥t❡♥s✐t②✮✳
❋r♦♠ s❡❝♦♥❞❛r② ❡❧❡❝tr♦♥ ❝✉t♦✛ ♦❢ ❯P❙ ♠❡❛s✉r❡♠❡♥ts ✇✐t❤ s❛♠♣❧❡ ❜✐❛s✱ t❤❡ ♦①✐❞❡
✇♦r❦ ❢✉♥❝t✐♦♥s ❝❛♥ ❜❡ ♦❜t❛✐♥❡❞ ✉s✐♥❣ t❤❡ ❡①♣r❡ss✐♦♥ ✹✳✸ ✐♥ s❡❝t✐♦♥ ✹✳✷✳ ❆s ✐♥ t❤❡ ❡①❛♠♣❧❡
♣r♦✈✐❞❡❞ ✐♥ ✜❣✉r❡ ✹✳✼ ✭s❡❝t✐♦♥ ✹✳✷✮✱ ✐♥ ♦r❞❡r t♦ ❡①tr❛❝t t❤❡ ♣♦s✐t✐♦♥ ♦❢ s❡❝♦♥❞❛r② ❡❧❡❝tr♦♥
❝✉t♦✛ ♦♥❧② t❤❡ ♠❛✐♥ s❧♦♣❡ ✇❛s ❝♦♥s✐❞❡r❡❞✱ ✇❤❡r❡❛s t❤❡ ♠✐♥♦r ❡❞❣❡ ❛t ❧♦✇❡r ❜✐♥❞✐♥❣
❡♥❡r❣✐❡s ✐s ♣r♦❜❛❜❧② ❞✉❡ t♦ ■❚❖ s✉❜str❛t❡✳
❋r♦♠ ❯P❙ s❝❛♥s ❛t ③❡r♦ ♣♦t❡♥t✐❛❧ ✐t ❛♣♣❡❛rs t❤❛t ✈❛❧❡♥❝❡ ❜❛♥❞ ❡❞❣❡ ✐s ♥♦t ✇❡❧❧ ❞❡✜♥❡❞
❛♥❞ t❤❛t ✐♥ ❛❞❞✐t✐♦♥ t♦ ❛ s❤❛r♣ ❝✉t♦✛ t❤❡r❡ ✐s ❛t ❧❡❛st ❛♥♦t❤❡r str✉❝t✉r❡ ❛t ❧♦✇❡r ❜✐♥❞✐♥❣
❡♥❡r❣✐❡s ✭❛s ✐♥ t❤❡ ❡①❛♠♣❧❡ ✐♥ ✜❣✉r❡ ✺✳✶✷✮✳ ❙❡♣❛r❛t❡ ❧✐♥❡❛r ✜ts ❛r❡ t❤✉s ♥❡❡❞❡❞ t♦ ❡①tr❛❝t
t❤❡✐r ♣♦s✐t✐♦♥s✱ ❡①♣r❡ss❡❞ r❡❧❛t✐✈❡❧② t♦ ❣♦❧❞ ❊F ❞❡t❡r♠✐♥❡❞ ✐♥ t❤❡ s❛♠❡ ❡①♣❡r✐♠❡♥t❛❧
❝♦♥❞✐t✐♦♥s✳
❈❤❛♣t❡r ✺✳ ❘❡s✉❧ts ❛♥❞ ❞✐s❝✉ss✐♦♥ ✹✼
■♥ ♦r❞❡r t♦ ❝♦♠♣❛r❡ s♦♠❡ ♦❢ t❤❡ ❳P❙✴❯P❙ ❞❛t❛ ✇✐t❤ ❛♥❛❧♦❣✉❡ r❡s✉❧ts ❢r♦♠ ❧✐t❡r❛t✉r❡
r❡❢❡rr❡❞ t♦ s❛♠♣❧❡s ♦♥ s✐❧✐❝♦♥[✷✺] ✇❡ ❛❧s♦ ❛♥❛❧②③❡❞ ♣r❡✈✐♦✉s ♠❡❛s✉r❡♠❡♥ts ♣❡r❢♦r♠❡❞
❛t ▲❘❙ ✐♥ ✷✵✶✻ ❢♦r ▼♦❖x ♦♥ ❙✐[✻]✱ ❝❛❧❝✉❧❛t✐♥❣ ✇♦r❦ ❢✉♥❝t✐♦♥s ❛♥❞ ❖✿▼♦ r❛t✐♦s✳ ❚✇♦
❞✐✛❡r❡♥t s❛♠♣❧❡s ✇❡r❡ ❝♦♥s✐❞❡r❡❞✱ t❤❡r♠❛❧ ❞❡♣♦s✐t❡❞ ❛♥❞ s♣✉tt❡r❡❞ ♦♥❡s✱ ❜♦t❤ ♦❢ ✇❤✐❝❤
✉♥❞❡r✇❡♥t ❛♥♥❡❛❧✐♥❣ ❛t ✷✶✵➦❈ ❛♥❞ ✺✵✵➦❈✳ ❚❤❡ ❡①♣❡r✐♠❡♥t❛❧ ♣r♦t♦❝♦❧ ✇❛s s✐♠✐❧❛r t♦ t❤❡
♦♥❡ ❞❡s❝r✐❜❡❞ ❛❜♦✈❡✱ ✇✐t❤ t❤❡ ♦♥❧② ❞✐✛❡r❡♥❝❡ t❤❛t ❝❛❧✐❜r❛t✐♦♥ ✇❛s ♠❛❞❡ ✇✐t❤ ❆❣ ❋❡r♠✐
❧❡✈❡❧ ❛♥❞ ❛ ❜✐❛s ♦❢ ✲✶✵ ❡❱ ✇❛s ❛♣♣❧✐❡❞ ❢♦r s❡❝♦♥❞❛r② ❝✉t♦✛ s♣❡❝tr❛✳
❘❡s✉❧ts
❚❤❡ s❡r✐❡s ♦❢ ❝❤❛rts ✐♥ ✜❣✉r❡ ✺✳✶✸✱ r❡❢❡rr❡❞ t♦ t❤❡r♠❛❧ ❞❡♣♦s✐t❡❞ ▼♦❖x✱ s❤♦✇s t❤❡
❡✈♦❧✉t✐♦♥ ♦❢ ▼♦✸❞ s♣✐♥✲♦r❜✐t ❞♦✉❜❧❡ ♣❡❛❦ ❛❢t❡r ❡✈❡r② ❛♥♥❡❛❧✐♥❣ st❡♣ ✭r♦♦♠ t❡♠♣❡r❛t✉r❡✱
✶✺✵➦❈ ❛♥❞ ✸✺✵➦❈✮ ❛♥❞ ❝♦♠♣❛r❡s t❤❡ ♦①✐❞❛t✐♦♥ st❛t❡s ❜❡❢♦r❡ ❛♥❞ ❛❢t❡r ❯❱ ❡①♣♦s✉r❡ ❛t
✷✶✳✷✷ ❡❱✳ ❙✐♠✐❧❛r ❣r❛♣❤s ❤❛✈❡ ❜❡❡♥ ♦❜t❛✐♥❡❞ ❢♦r s♣✉tt❡r❡❞ ♦①✐❞❡s✳ ❊①tr❛❝t❡❞ q✉❛♥t✐t❛t✐✈❡
r❡s✉❧ts ❛r❡ ❞✐s♣❧❛②❡❞ ✐♥ t❛❜❧❡ ✺✳✺✳
■♥ t❤❡ ✜❣✉r❡ ✺✳✶✸❛ t✇♦ ♣❡❛❦s✱ ❛t ❤✐❣❤ ❛♥❞ ❧♦✇ ❜✐♥❞✐♥❣ ❡♥❡r❣✐❡s✱ r❡s♣❡❝t✐✈❡❧② ❝♦r✲
r❡s♣♦♥❞ t♦ ▼♦✸❞3/2 ❛♥❞ ▼♦✸❞5/2 ♦r❜✐t❛❧s✳ ❘❡❞ ❛r❡❛s ❛r❡ ✜t r❡s✉❧ts ❢♦r ▼♦6+ ♦①✐❞❛t✐♦♥
❞❡❣r❡❡✱ t❤❡ ✉♥✐q✉❡ ❝♦♠♣♦♥❡♥t ✐♥ ❛ st♦✐❝❤✐♦♠❡tr✐❝ ▼♦❖3✱ ✇❤❡r❡❛s ❜❧✉❡ ♦♥❡s r❡❢❡r t♦ ▼♦5+✱
✇❤✐❝❤ ♣r♦❞✉❝❡s s❤♦✉❧❞❡r ❢❡❛t✉r❡s ✐♥ t❤❡ ❧♦✇ ❊B r❡❣✐♦♥ ♦❢ t❤❡ t♦t❛❧ ✜t ❢✉♥❝t✐♦♥ ✭❡♥✈❡❧♦♣❡
✐♥ ❜❧❛❝❦ ❞❛s❤❡❞ ❧✐♥❡✮ ❢♦r ❡①♣❡r✐♠❡♥t❛❧ ❞❛t❛ ✭❣r❡❡♥ s♦❧✐❞ ❧✐♥❡✮✳ ❚❤✐s ✐s ❧✐♥❦❡❞ t♦ ♦①✐❞❡
r❡❞✉❝t✐♦♥ ❛♥❞ ❛ss♦❝✐❛t❡❞ ❝❤❡♠✐❝❛❧ s❤✐❢t✳
❆t ❤✐❣❤ ❛♥♥❡❛❧✐♥❣ t❡♠♣❡r❛t✉r❡s✱ ❛s ❢♦r ✜❣✉r❡ ✺✳✶✸❡✱ ❛♥ ❛❞❞✐t✐♦♥❛❧ ❢❡❛t✉r❡ ❛ttr✐❜✉t❡❞
t♦ ▼♦4+ st❛t❡s ♦❝❝✉rs ❛t ❡✈❡♥ ❧♦✇❡r ❜✐♥❞✐♥❣ ❡♥❡r❣✐❡s✱ ❛♥ ❡✈✐❞❡♥❝❡ ♦❢ ❢✉rt❤❡r r❡❞✉❝t✐♦♥
✐♥ t❤❡ s❛♠♣❧❡✳
❋r♦♠ t❤❡ ♣r♦✈✐❞❡❞ ❡①❛♠♣❧❡ ✐t ✐s ❝❧❡❛r t❤❛t ♣❡❛❦s ❝❤❛♥❣❡ ❞✉r✐♥❣ t❤❡r♠❛❧ tr❡❛t♠❡♥t✳
❚❤❡ ✐♥✐t✐❛❧ ✇❡❧❧✲❞❡✜♥❡❞ s❤❛♣❡s ❜❡❝♦♠❡ ❜r♦❛❞❡r ✇✐t❤ r✐❣❤t s❤♦✉❧❞❡r ❛♣♣❡❛r❛♥❝❡✱ ❡s♣❡✲
❝✐❛❧❧② ❡✈✐❞❡♥t ❛t ✸✺✵➦❈✳ ❆❧s♦ ♣❡❛❦ ♣♦s✐t✐♦♥s ❡✈♦❧✈❡✿ ✇❤❡r❡❛s ❢♦r r❛✇ s❛♠♣❧❡ ✭✜❣✳ ✺✳✶✸❛✮
❛♥ ❛❧♠♦st t♦t❛❧ ❝♦rr❡s♣♦♥❞❡♥❝❡ ❜❡t✇❡❡♥ ❡①♣❡r✐♠❡♥t❛❧ ▼♦✸❞3/2✴▼♦✸❞5/2 ❛♥❞ ▼♦6+ ✜t
❝♦♠♣♦♥❡♥ts ✐s ✈✐s✐❜❧❡ ❛t ❛♣♣r♦①✐♠❛t❡❞ ❡♥❡r❣✐❡s ♦❢ ✷✸✸ ❛♥❞ ✷✸✻✳✷ ❡❱✱ t❤❡ t♦t❛❧ ♣❡❛❦s
♠♦✈❡ t♦ t❤❡ r✐❣❤t ♦♥ ❊B s❝❛❧❡ ✇✐t❤ ✐♥❝r❡❛s✐♥❣ ❤❡❛t✐♥❣ t❡♠♣❡r❛t✉r❡✱ ❞✉❡ t♦ t❤❡ ❣r♦✇✲
✐♥❣ ♣r♦♣♦rt✐♦♥ ♦❢ ▼♦5+ ❛♥❞ ▼♦4+ ♦①✐❞❛t✐♦♥ st❛t❡s✳ ❙❧✐❣❤t ❝❤❛♥❣❡s ✇✐t❤ ❞✐s♣❧❛❝❡♠❡♥t
t♦ ❧♦✇❡r ❜✐♥❞✐♥❣ ❡♥❡r❣✐❡s ❛♥❞ ✐♥❝r❡❛s❡❞ ♣❡r❝❡♥t❛❣❡s ♦❢ r❡❞✉❝❡❞ st❛t❡s ❝❛♥ ❛❧s♦ ❜❡ s❡❡♥
❝♦♠♣❛r✐♥❣ s♣❡❝tr❛ ❜❡❢♦r❡ ❛♥❞ ❛❢t❡r ❜❡❛♠ ❡①♣♦s✉r❡ ❛t ❡q✉✐✈❛❧❡♥t t❡♠♣❡r❛t✉r❡s✳
❉✐s❝✉ss✐♦♥
■♥ t❛❜❧❡ ✺✳✺ r❡s✉❧ts ♦❢ s♣❡❝tr❛ ❛♥❛❧②s✐s ❛r❡ s✉♠♠❛r✐③❡❞✱ ✇✐t❤ ❛ ❝❧❛ss✐✜❝❛t✐♦♥ ❛❝❝♦r❞✐♥❣
t♦ t❤❡ s❛♠♣❧❡ ✭t❤❡r♠❛❧✱ s♣✉tt❡r❡❞✱ ✐♥ s✐t✉ ❛♥♥❡❛❧❡❞ s♣✉tt❡r❡❞✮ ❛♥❞ t❤❡ ❛♥♥❡❛❧✐♥❣ t❡♠✲
♣❡r❛t✉r❡ ♦r ❯❱ ❜❡❛♠ ❡①♣♦s✉r❡✳ ❚❤❡ ✜rst ❝♦❧✉♠♥s ❞✐s♣❧❛② ♦①✐❞❛t✐♦♥ st❛t❡ ♣❡r❝❡♥t❛❣❡s✱
❜✐♥❞✐♥❣ ❡♥❡r❣✐❡s ❛♥❞ ♣❡❛❦ ❢✉❧❧ ✇✐❞t❤ ❛t ❤❛❧❢ ♠❛①✐♠✉♠ ✭❢✇❤♠✮ ❢r♦♠ ♠✉❧t✐✲❱♦✐❣t ✜t✳ ❖①✲
✐❞❡ st♦✐❝❤✐♦♠❡tr② ✐s ❡①♣r❡ss❡❞ ❛s ❖✿▼♦ r❛t✐♦s ♦❢ ♣❡❛❦ t♦ ♣❡❛❦ ♣❡r❝❡♥t ❝♦♥❝❡♥tr❛t✐♦♥s✱
❡①tr❛❝t❡❞ ❜② ❈❛s❛❳P❙ ❛♥❛❧②s✐s ♦❢ ♦✈❡r✈✐❡✇ s♣❡❝tr❛✳ ■♥ ❛ s✐♠✐❧❛r ✇❛②✱ ❝❛r❜♦♥ ❝♦♥t❡♥t
✐s ❞❡s❝r✐❜❡❞ ❜② t❤❡ ♣❡r❝❡♥t ❈✿❖ r❛t✐♦✳ ❚❤❡ t❛❜❧❡ ❛❧s♦ ♣r♦✈✐❞❡s ✇♦r❦ ❢✉♥❝t✐♦♥s ❛♥❞ ✈❛✲
❧❡♥❝❡ ❜❛♥❞ ♣♦s✐t✐♦♥s✱ ✇✐t❤ ❛ ❢✉rt❤❡r ❞✐st✐♥❝t✐♦♥ ❜❡t✇❡❡♥ ♦①②❣❡♥ ❛♥❞ ❞❡❢❡❝t st❛t❡ ❱❇✱ ❛s
❡①♣❧❛✐♥❡❞ ✐♥ ❞❡t❛✐❧ ❜❡❧♦✇✳
❙✐♠✐❧❛r❧②✱ t❛❜❧❡ ✺✳✻ s✉♠♠❛r✐③❡s r❡s✉❧ts ❢♦r ❖✿▼♦ r❛t✐♦ ❛♥❞ ✇♦r❦ ❢✉♥❝t✐♦♥ ✐♥ t❤❡ ❝❛s❡
♦❢ t❤❡r♠❛❧ ❞❡♣♦s✐t❡❞ ❛♥❞ s♣✉tt❡r❡❞ ♦①✐❞❡ s❛♠♣❧❡s ♦♥ s✐❧✐❝♦♥ s✉❜str❛t❡✱ ❢♦r ❡✈❡r② st❡♣ ♦❢
t❤❡✐r ❛♥♥❡❛❧✐♥❣ tr❡❛t♠❡♥t✳
❉✐✛❡r❡♥t ♦❜s❡r✈❛t✐♦♥s ❝❛♥ ❜❡ ♠❛❞❡ ♦♥ t❤❡ ❞❛t❛ r❡♣♦rt❡❞ ✐♥ t❤❡ t❛❜❧❡s✳
✹✽
✭❛✮ ❘❛✇ s❛♠♣❧❡✳ ✭❜✮ ❘❛✇ s❛♠♣❧❡ ❛❢t❡r ❜❡❛♠ ❡①♣♦s✉r❡✳
✭❝✮ ❙❛♠♣❧❡ ❛❢t❡r ❛♥♥❡❛❧✐♥❣ ❛t ✶✺✵➦❈✳ ✭❞✮ ❙❛♠♣❧❡ ❛❢t❡r ❛♥♥❡❛❧✐♥❣ ❛t ✶✺✵➦❈ ❛♥❞
❜❡❛♠ ❡①♣♦s✉r❡✳
✭❡✮ ❙❛♠♣❧❡ ❛❢t❡r ❛♥♥❡❛❧✐♥❣ ❛t ✸✺✵➦❈✳ ✭❢✮ ❙❛♠♣❧❡ ❛❢t❡r ❛♥♥❡❛❧✐♥❣ ❛t ✸✺✵➦❈ ❛♥❞
❜❡❛♠ ❡①♣♦s✉r❡✳
❋✐❣✉r❡ ✺✳✶✸✿ ❳P❙ s♣❡❝tr❛ ♦❢ ▼♦✸❞ ♦r❜✐t❛❧s ❢♦r t❤❡r♠❛❧ ❞❡♣♦s✐t❡❞ ▼♦❖x s❛♠♣❧❡✳ ❚❤❡
s❡r✐❡s ♦❢ ✐♠❛❣❡s ❢♦❧❧♦✇s t❤❡ ❡✈♦❧✉t✐♦♥ ♦❢ ♦①✐❞❛t✐♦♥ st❛t❡s ❛❝❝♦r❞✐♥❣ t♦ ❯❱ ❜❡❛♠ ❡①♣♦s✉r❡
✭❢r♦♠ ❧❡❢t t♦ r✐❣❤t✮ ❛♥❞ ❛♥♥❡❛❧✐♥❣ ❝②❝❧❡ ✭❢r♦♠ t♦♣ t♦ ❜♦tt♦♠✮✳ ❊✈❡r② ❝❤❛rt s❤♦✇s ❡①♣❡r✐✲
♠❡♥t❛❧ ▼♦✸❞ ❞❛t❛✱ ❱♦✐❣t ❢✉♥❝t✐♦♥s ✜tt✐♥❣ ❞✐✛❡r❡♥t ♦①✐❞❛t✐♦♥ st❛t❡s✱ ❙❤✐r❧❡② ❜❛❝❦❣r♦✉♥❞
❛♥❞ t❤❡ ❡♥✈❡❧♦♣❡ r❡s✉❧t✐♥❣ ✇❛✈❡✳
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t❡♠♣❡r❛t✉r❡ ❢♦r t❤❡ t❤r❡❡ s❛♠♣❧❡ ♦❢ ♠♦❧②❜❞❡♥✉♠ ♦①✐❞❡✳
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❥✉st ❜❡❧♦✇ ❋❡r♠✐ ❡♥❡r❣②✱ ❛♥❞ ❞2✱ ❛t ❛♥ ❤✐❣❤❡r ❜✐♥❞✐♥❣ ❡♥❡r❣②✱
r❡s♣❡❝t✐✈❡❧② ❛ss♦❝✐❛t❡❞ ✇✐t❤ s✐♥❣❧② ❛♥❞ ❞♦✉❜❧② ♦❝❝✉♣✐❡❞ ❞✲st❛t❡s✳
✭❜✮ ❙♣✉tt❡r❡❞ ▼♦❖x✳
✭❝✮ ❙♣✉tt❡r❡❞ ▼♦❖x✱ ✐♥ s✐t✉ ❛♥♥❡❛❧❡❞ ❛t ✸✺✵➦❈✳
❋✐❣✉r❡ ✺✳✶✺✿ ❱❛❧❡♥❝❡ ❜❛♥❞ ❡✈♦❧✉t✐♦♥ ✇✐t❤ ❛♥♥❡❛❧✐♥❣ t❡♠♣❡r❛t✉r❡✿ ③♦♦♠ ♦♥ t❤❡ str✉❝t✉r❡
❞✉❡ t♦ t❤❡ ❞❡❢❡❝t st❛t❡s✳
✺✷
✶✳ ❋♦r ❛❧❧ t❤❡ s❛♠♣❧❡s✱ t❤❡r♠❛❧ tr❡❛t♠❡♥t r❡s✉❧ts ✐♥ ❛ ❞❡❝r❡❛s❡ ♦❢ t❤❡ s✉r❢❛❝❡ ❝♦♥t❛♠✐✲
♥❛t✐♦♥ ✇✐t❤ ❛♥ ❛❧♠♦st ❝♦♠♣❧❡t❡ ❛❞s♦r❜❛t❡ r❡♠♦✈❛❧ ❛t ✸✺✵✲✹✺✵➦❈✱ ❛s ✐t ✐s ❝❧❡❛r ❢r♦♠
t❤❡ ❡✈♦❧✉t✐♦♥ ♦❢ ❝❛r❜♦♥ ♣❡❛❦ ✭✜❣✉r❡ ✺✳✶✶✮ ❛♥❞ ❈✿❖ ♣❡r❝❡♥t r❛t✐♦ ✭t❛❜❧❡ ✺✳✺✮✳
❚❤✐s ❛❧s♦ r❡s✉❧ts ✐♥ ❛ r✐s❡ ♦❢ ♦①②❣❡♥ ♣❡❛❦ ✐♥t❡♥s✐t② ❛t ❤✐❣❤❡r t❡♠♣❡r❛t✉r❡s s✐♥❝❡
t❤❡ ❖✶s ♣❤♦t♦❡♠✐tt❡❞ ❡❧❡❝tr♦♥s ❛r❡ ♥♦ ♠♦r❡ s❝r❡❡♥❡❞ ❜② ❝❛r❜♦♥ ❝♦♥t❛♠✐♥❛♥ts✱ s♦
t❤❛t t❤✐s ✐s ♥♦t ✐♥❝♦♠♣❛t✐❜❧❡ ✇✐t❤ t❤❡ ❣r♦✇✐♥❣ ♣r❡s❡♥❝❡ ♦❢ ❖✲✈❛❝❛♥❝② ❞❡❢❡❝t st❛t❡s
❡①♣❧❛✐♥❡❞ ❜❡❧♦✇[✻]✳
✷✳ P❡❛❦ ♣♦s✐t✐♦♥s ❛r❡ t❤❡ s❛♠❡ ❢♦r t❤❡ t❤r❡❡ s❛♠♣❧❡s ❛♥❞ t❤❡② ❞♦ ♥♦t ❡✈♦❧✈❡ s✐❣♥✐❢✲
✐❝❛♥t❧② ✇✐t❤ t❤❡r♠❛❧ tr❡❛t♠❡♥t✱ ✇✐t❤✐♥ t❤❡ ❧✐♠✐ts ♦❢ ❡♥❡r❣② r❡s♦❧✉t✐♦♥✳ ❚❤❡② ❛r❡
❝♦♠♣❛r❛❜❧❡ t♦ ♣r❡✈✐♦✉s❧② r❡♣♦rt❡❞ r❡s✉❧ts ♦❢ ✷✸✷✳✺ ❡❱ ❢♦r ▼♦6+✱ ✷✸✶✳✻ ❡❱ ❢♦r ▼♦5+
❛♥❞ ✷✷✾✳✼ ❡❱ ❢♦r ▼♦4+ ❢♦r s♣✉tt❡r❡❞ ▼♦❖x [✻]✳
✸✳ ❋♦r ❡✈❡r② s❛♠♣❧❡ ✭❡①❝❡♣t ❢♦r s♣✉tt❡r❡❞ ♦①✐❞❡ ❛♥♥❡❛❧❡❞ ❛t ✸✺✵➦❈✮ t❤❡ ❣r♦✇t❤ ♦❢
▼♦5+ ♣❡r❝❡♥t❛❣❡ ❝♦♥✜r♠s ❝♦♠♣♦✉♥❞ r❡❞✉❝t✐♦♥ ❛t ❡✈❡r② ❛♥♥❡❛❧✐♥❣ st❡♣✳ ■♥ s♦♠❡
❝❛s❡s ✲ t❤❡r♠❛❧ ❛♥♥❡❛❧❡❞ ❛t ✸✺✵➦❈ ❛♥❞ ♣r❡✲❛♥♥❡❛❧❡❞ s♣✉tt❡r❡❞ ✲ ❛❧s♦ ▼♦4+ ♦①✐❞❛t✐♦♥
st❛t❡ ✐s ♣r❡s❡♥t✳ ❚❤❡s❡ r❡s✉❧ts ❛r❡ s✉♠♠❛r✐③❡❞ ✐♥ t❤❡ ❣r❛♣❤s ✐♥ ✜❣✉r❡ ✺✳✶✹✳
✹✳ P❡❛❦s ❣❡t ❜r♦❛❞❡r ❛t ❤✐❣❤❡r t❡♠♣❡r❛t✉r❡s✱ ❛s s✉♠♠❛r✐③❡❞ ✐♥ ❢✇❤♠ ❞❛t❛ ♦❢ t❛❜❧❡
✺✳✺✳ ❚❤✐s ✐s ❛ ❝❤❛❧❧❡♥❣✐♥❣ r❡s✉❧t t♦ ✐♥t❡r♣r❡t✱ s✐♥❝❡ ♣r❡✈✐♦✉s r❡s❡❛r❝❤[✻] r❡♣♦rt❡❞
❛♥ ❡✈✐❞❡♥t ❞❡❝r❡❛s❡ ♦❢ ♣❡❛❦ ✇✐❞t❤✱ ❛t ❧❡❛st ❛r♦✉♥❞ ✺✵✵➦❈✱ ❛s ❛ ❝♦♥s❡q✉❡♥❝❡ ♦❢
✐♠♣r♦✈❡❞ ❝r②st❛❧❧✐♥❡ q✉❛❧✐t②✳
✺✳ ❆s ❛♥♥❡❛❧✐♥❣ t❡♠♣❡r❛t✉r❡ ❝♦♥t✐♥✉❡s t♦ ✐♥❝r❡❛s❡✱ ❡✈❡r② s❛♠♣❧❡ s❤♦✇s ❛ ❣r♦✇✐♥❣
✇♦r❦ ❢✉♥❝t✐♦♥ ✭✜❣✉r❡ ✺✳✶✹✮✳ ❚❤✐s s❡❡♠s t♦ ❜❡ tr✉❡ r❡❣❛r❞❧❡ss ♦❢ t❤❡ ♣r❡♣❛r❛t✐♦♥
♠❡t❤♦❞✱ ❜❡❝❛✉s❡ ❢♦r ❛❧❧ t❤❡ t❤r❡❡ s❛♠♣❧❡s ✇♦r❦ ❢✉♥❝t✐♦♥s ❛r❡ t❤❡ s❛♠❡ ❛t ❡✈❡r②
❛♥♥❡❛❧✐♥❣ st❡♣✳
✻✳ ❚❤❡ ❡✈♦❧✉t✐♦♥ ♦❢ t❤❡ ✈❛❧❡♥❝❡ ❜❛♥❞ str✉❝t✉r❡ ♦❢ t❤❡ ❞✐✛❡r❡♥t s❛♠♣❧❡s ✇✐t❤ ❛♥♥❡❛❧✐♥❣
t❡♠♣❡r❛t✉r❡ ❝❛♥ ❜❡ s❡❡♥ ✐♥ ✜❣✉r❡ ✺✳✶✺✱ ✇❤❡r❡ ♠❛❣♥✐✜❝❛t✐♦♥ ❢♦❝✉s❡s ♦♥ t❤❡ str✉❝t✉r❡
❝❧♦s❡r t♦ ❋❡r♠✐ ❧❡✈❡❧✳ ❆❝❝♦r❞✐♥❣ t♦ ♣r❡✈✐♦✉s r❡s❡❛r❝❤[✷]✱ ❝❤❛♥❣❡s ✐♥ ✈❛❧❡♥❝❡ ❜❛♥❞
♦❝❝✉♣❛t✐♦♥ ✇✐t❤ ❛♥♥❡❛❧✐♥❣ t❡♠♣❡r❛t✉r❡ ❛t t❤❡s❡ ❧♦✇❡r ❜✐♥❞✐♥❣ ❡♥❡r❣✐❡s ✐s ❞✉❡ t♦
✐♥tr❛✲❣❛♣ ❖✲✈❛❝❛♥❝② ❞❡❢❡❝ts✱ ✇❤✐❧❡ t❤❡ ♠♦st ❡✈✐❞❡♥t ❱❇ ❝✉t♦✛ ♠❛✐♥ ❝♦♥tr✐❜✉t✐♦♥
❝♦♠❡s ❢r♦♠ ❖✷♣ ♦r❜✐t❛❧s✳ ●r❛♣❤s ✐♥ ✜❣✉r❡ ✺✳✶✺ ❛♥❞ ❞❛t❛ ✐♥ t❛❜❧❡ ✺✳✺ s❤♦✇ t❤❛t t❤❡
✐♥❝r❡❛s✐♥❣ ♣r❡s❡♥❝❡ ♦❢ ❞❡❢❡❝t st❛t❡s ❝r❡❛t❡s ❛ ❜❛♥❞ ❜❡❧♦✇ ❝♦♥❞✉❝t✐♦♥ ❜❛♥❞ ❜♦tt♦♠
❛♥❞ ❡♥❤❛♥❝❡s t❤❡ ❝♦♥❞✉❝t✐✈✐t② ♦❢ t❤❡ ♠❛t❡r✐❛❧ ✇✐t❤ t❡♠♣❡r❛t✉r❡✳
■♥ ♣❛rt✐❝✉❧❛r✱ t❤❡ ♣♦s✐t✐♦♥ ♦❢ t❤❡ s♦✲❝❛❧❧❡❞ ❞1 ❞❡❢❡❝t ❜❛♥❞✱ ❞✉❡ t♦ s✐♥❣❧❡ ♦❝❝✉♣❛♥❝②
♦❢ ▼♦✹❞ ❧❡✈❡❧s ❜② ♦①②❣❡♥ ✈❛❝❛♥❝② st❛t❡s[✷]✱ ♠♦✈❡s t♦✇❛r❞s ❧♦✇❡r ❜✐♥❞✐♥❣ ❡♥❡r❣✐❡s
❥✉st ❜❡❧♦✇ ❊F ✇✐t❤ ❛♥♥❡❛❧✐♥❣ t❡♠♣❡r❛t✉r❡ t♦❣❡t❤❡r ✇✐t❤ ❛ s✐♠✉❧t❛♥❡♦✉s ✐♥❝r❡❛s❡ ♦❢
❱❇ ❡❞❣❡ ♣❡❛❦ ✐♥t❡♥s✐t②✳ ❆♥♦t❤❡r ✐♥tr❛✲❣❛♣ ❧❡✈❡❧ ❞2✱ ❞✉❡ t♦ ❞♦✉❜❧② ♦❝❝✉♣✐❡❞ ▼♦✹❞✱
❣✐✈❡s r✐s❡ t♦ ❛ ♣❡❛❦ ❛r♦✉♥❞ ❛ ❜✐♥❞✐♥❣ ❡♥❡r❣② ♦❢ ✷ ❡❱✳ ■t ✐s ❝❧❡❛r❧② ✈✐s✐❜❧❡ ♦♥❧② ❢♦r
❤✐❣❤ t❡♠♣❡r❛t✉r❡ ❛♥♥❡❛❧✐♥❣✱ ❡s♣❡❝✐❛❧❧② ✐♥ t❤❡ ❝❛s❡ ♦❢ t❤❡r♠❛❧ ❞❡♣♦s✐t❡❞ ▼♦❖x ❛t
✸✺✵➦❈ ✭✺✳✶✺❛✮✱ ✇❤❡r❡ t✇♦ ❞❡❢❡❝t✲❧✐♥❦❡❞ ✈❛❧❡♥❝❡ ❜❛♥❞ ❡❞❣❡s ❝❛♥ ❜❡ ❧♦❝❛t❡❞ ❛t ✵✳✶✹
❡❱ ✭❞1✮ ❛♥❞ ✵✳✹✺ ❡❱ ✭❞2✮✳ ❚❤✐s ✐s ✐♥ ❛❣r❡❡♠❡♥t ✇✐t❤ t❤❡ ♣r❡s❡♥❝❡ ♦❢ ▼♦4+ ♦①✐❞❛t✐♦♥
st❛t❡ ✐♥ t❤❡ ❧❛tt❡r s❛♠♣❧❡✳
✼✳ ❆♥ ❛♥❛❧②s✐s ♦❢ ♦①✐❞❡ st♦✐❝❤✐♦♠❡tr② ✉♥❡①♣❡❝t❡❞❧② r❡✈❡❛❧s t❤❡ ✐♥❝r❡❛s❡ ♦❢ ♦①②❣❡♥ ♣r♦✲
♣♦rt✐♦♥ ❛s ❛♥♥❡❛❧✐♥❣ tr❡❛t♠❡♥t ✐s ♣❡r❢♦r♠❡❞✱ ✇❤✐❝❤ ✐s ❝♦♥s✐st❡♥t ✇✐t❤ ✇♦r❦ ❢✉♥❝t✐♦♥
✐♥❝r❡❛s❡ ❜✉t ✐♥ ♦♣♣♦s✐t✐♦♥ t♦ t❤❡ r❡❞✉❝t✐♦♥ ♦❢ t❤❡ ♠❛t❡r✐❛❧ ✐♥❢❡rr❡❞ ❢r♦♠ ♦①✐❞❛t✐♦♥
st❛t❡s✳ ■♥ ❢❛❝t✱ ❞❛t❛ ✐♥ t❛❜❧❡ ✺✳✺ s❤♦✇ t❤❛t ✐♥✐t✐❛❧ s✉❜st♦✐❝❤✐♦♠❡tr✐❝ ♦①✐❞❡s ✭▼♦❖x
❈❤❛♣t❡r ✺✳ ❘❡s✉❧ts ❛♥❞ ❞✐s❝✉ss✐♦♥ ✺✸
✇✐t❤ x❁✸✮ ❜❡❝♦♠❡ s✉♣❡r♦①✐❞✐③❡❞ ✭x❃✸✮ ❛❢t❡r ✸✺✵➦❈ ❤❡❛t✐♥❣✳ ❚❤✐s ❝♦✉❧❞ ❜❡ ♣❛r✲
t✐❛❧❧② ❧✐♥❦❡❞ t♦ t❤❡ ❧♦ss ♦❢ ❖✶s ♣❤♦t♦❡❧❡❝tr♦♥ s❝r❡❡♥✐♥❣ ❜② ❝❛r❜♦♥ ❝♦♥t❛♠✐♥❛♥t
r❡♠♦✈❛❧ ❛t ❤✐❣❤ t❡♠♣❡r❛t✉r❡s✱ s♦ t❤❛t t❤❡ ✐♥t❡♥s✐t② ✐♥❝r❡❛s❡ ♦❢ ❖✶s ♣❡❛❦ ✭❢r♦♠
✹✺✴✺✵✪ ❛t r♦♦♠ t❡♠♣❡r❛t✉r❡ t♦ ∼✼✵✪ ❛t ✹✺✵➦❈ ✐♥ ♣❡r❝❡♥t ❝♦♥❝❡♥tr❛t✐♦♥✮ ✐s ❢❛r
♠♦r❡ ❡✈✐❞❡♥t t❤❛♥ t❤❡ ♦♥❡ ♦❢ ▼♦✸❞ ✭▼♦ ❝♦♥❝❡♥tr❛t✐♦♥ ❝❤❛♥❣❡s ❢r♦♠ ✶✽✴✶✾✪ ❛t
r♦♦♠ t❡♠♣❡r❛t✉r❡ t♦ ∼✷✺✪ ❛t ✹✺✵➦❈ ✐♥ ♣❡r❝❡♥t ❝♦♥❝❡♥tr❛t✐♦♥✮✳
❍♦✇❡✈❡r✱ r❡❝❡♥t st✉❞✐❡s[✷✺] ❝❛rr✐❡❞ ♦✉t ♦♥ ♠♦❧②❜❞❡♥✉♠ ♦①✐❞❡ ♦♥ s✐❧✐❝♦♥ ❞❡♠♦♥✲
str❛t❡❞ ❛ ❞✐r❡❝t ♣r♦♣♦rt✐♦♥❛❧✐t② ❜❡t✇❡❡♥ ❖✿▼♦ r❛t✐♦ ❛♥❞ ✇♦r❦ ❢✉♥❝t✐♦♥✳ ■♥ ♦r❞❡r
t♦ ❝♦♠♣❛r❡ t❤❡♠ t♦ ♦✉r r❡s✉❧ts ✇❡ s❤♦✉❧❞ t❛❦❡ ✐♥t♦ ❛❝❝♦✉♥t t❤❡ ❞❛t❛ r❡♣♦rt❡❞ ✐♥
t❛❜❧❡ ✺✳✻✱ r❡❢❡rr❡❞ t♦ ▼♦❖x ❞❡♣♦s✐t❡❞ ♦♥ t❤❡ s❛♠❡ s✉❜str❛t❡✱ ❛♥♥❡❛❧❡❞ ✉♣ t♦ ✺✵✵➦❈✳
❚❤❡② r❡✈❡❛❧ ❛ ❖✿▼♦ r❛t✐♦ ✐♥❝r❡❛s❡ ❢r♦♠ x ∼ ✷✳✻ t♦ x ∼ ✸✳✷✲✸✳✺ ❛♥❞ ❛ ❲❋ r✐s❡ ❢r♦♠
❧❡ss t❤❛♥ ✹✳✺ ❡❱ t♦ ♠♦r❡ t❤❛♥ ✻ ❡❱✱ s✐♠✐❧❛r❧② t♦ ▼♦❖x ♦♥ ■❚❖ ♠❡❛s✉r❡♠❡♥ts ✭s❡❡
❣r❛♣❤s ✐♥ ✜❣✉r❡ ✺✳✶✻✮✳
❲❤❡r❡❛s ❡①♣❡r✐♠❡♥t❛❧ ❝♦♥❝❧✉s✐♦♥s ♦❢ r❡❢✳ ❬✷✺❪ ✭✜❣✉r❡ ✺✳✶✻❝✮ r❡♣♦rt t❤❛t ❲❋ ❛♥❞
❖✿▼♦ r❛t✐♦ ❣r♦✇ ✇✐t❤ ❛♥♥❡❛❧✐♥❣ ✉♣ t♦ ✷✵✵➦❈ ❛♥❞ t❤❡♥ st❛rt t♦ ❞❡❝r❡❛s❡ ❢r♦♠ ✷✵✵
t♦ ✹✵✵➦❈✱ t❤❡ s✐♠✐❧❛r tr❡♥❞ ♦❢ t❤❡s❡ t✇♦ q✉❛♥t✐t✐❡s ✐s ✐♥ ❛❣r❡❡♠❡♥t ✇✐t❤ ♦✉r r❡s✉❧ts
❛♥❞ ❝❛♥ r❡♣r❡s❡♥t ❛♥ ❡①♣❡r✐♠❡♥t❛❧ ❝♦♥✜r♠❛t✐♦♥ t♦ t❤❡ t❤❡♦r❡t✐❝❛❧ ♠♦❞❡❧ ❡①♣❧❛✐♥❡❞
✐♥ s❡❝t✐♦♥ ✷✳✶ ✭✐❧❧✉str❛t❡❞ ✐♥ ✜❣✉r❡ ✷✳✶✮✳
❆t t❤✐s r❡❣❛r❞ ✐t ✐s ✐♠♣♦rt❛♥t t♦ ✉♥❞❡r❧✐♥❡ t❤❛t ♦✉r ❛♥♥❡❛❧✐♥❣ tr❡❛t♠❡♥t ✇❛s ♣❡r✲
❢♦r♠❡❞ ✐♥ ❯❧tr❛ ❍✐❣❤ ❱❛❝✉✉♠ ❛♥❞ ✐t ✐s t❤❡r❡❢♦r❡ ♥♦t t♦t❛❧❧② ❝♦♠♣❛r❛❜❧❡ t♦ t❤❡ ♦♥❡
✉♥❞❡r ♦①②❣❡♥ ❛t♠♦s♣❤❡r❡ ✐♥ r❡❢✳ ❬✷✺❪✳
❋✐❣✉r❡ ✺✳✶✼ s❤♦✇s ♦✉r ❡①♣❡r✐♠❡♥t❛❧ ✇♦r❦ ❢✉♥❝t✐♦♥ ❞❛t❛ ❢r♦♠ ❯P❙ ♦♥ ❞✐✛❡r❡♥t
s❛♠♣❧❡s ✭❘❚ ❛♥❞ ✐♥ s✐t✉ ❛♥♥❡❛❧❡❞ s♣✉tt❡r❡❞ ❛♥❞ t❤❡r♠❛❧ ❞❡♣♦s✐t❡❞❀ ♦♥ ■❚❖ ❛♥❞ ❙✐
s✉❜str❛t❡✮ ♦♥ t❤❡ ❣r❛♣❤ ❜❛s❡❞ ♦♥ t❤❡ r❡❧❛t✐♦♥s❤✐♣ ❜❡t✇❡❡♥ st♦✐❝❤✐♦♠❡tr② ❛♥❞ ❲❋
♠♦❞❡❧❧❡❞ ✐♥ r❡❢✳ ❬✷❪✳ ❚❤❡ ♣♦✐♥ts ❛r❡ s❝❛tt❡r❡❞ ♦✈❡r ✇✐❞❡ r❛♥❣❡s ♦❢ ✇♦r❦ ❢✉♥❝t✐♦♥
❛♥❞ ❖✲❞❡✜❝✐❡♥❝②✱ s♦ t❤❛t ❛♥ ❛♥❛❧②t✐❝❛❧ ❢✉♥❝t✐♦♥ ✜t ❜② ❡q✳ ✷✳✾ ✇❛s ♥♦t s✉❝❝❡ss❢✉❧❧②
r❡❛❧✐③❡❞✳ ▼♦r❡♦✈❡r✱ ♦✉r ♠❡❛s✉r❡♠❡♥ts ❝♦♠♣r❡❤❡♥❞ s♦♠❡ s✉♣❡r♦①✐❞✐③❡❞ s❛♠♣❧❡s
✇✐t❤ ❖✲❞❡✜❝✐❡♥❝② x❃✵✳ ❚❤✐s ✐s ♥♦t ❝♦♥t❡♠♣❧❛t❡❞ ✐♥ t❤❡ t❤❡♦r❡t✐❝❛❧ ♠♦❞❡❧✱ ✇❤❡r❡
✐t ✇♦✉❧❞ r❡s✉❧t ✐♥ ♥❡❣❛t✐✈❡ ❛r❣✉♠❡♥ts ✐♥ ❧♦❣❛r✐t❤♠s ♦❢ ❡q✳ ✷✳✾ ✭s❡❝t✐♦♥ ✷✳✶✮✳ ❍♦✇✲
❡✈❡r✱ ✐t ✐s ♣♦ss✐❜❧❡ t♦ s❡❡ ❛ ❣❡♥❡r❛❧ ❞❡❝r❡❛s❡ ♦❢ ❲❋ ❞❛t❛ ✈❡rs✉s x✱ ✇✐t❤ ❛ tr❡♥❞
r♦✉❣❤❧② ❝♦♠♣❛r❛❜❧❡ t♦ t❤❡ t❤❡♦r❡t✐❝❛❧ ♦♥❡✱ ❡✈❡♥ ✐❢ t❤❡ st♦✐❝❤✐♦♠❡tr✐❝ ✇♦r❦ ❢✉♥❝t✐♦♥
❲❋0 ✐s ❞✐✛❡r❡♥t ❢♦r ●r❡✐♥❡r✬s[✷] ❛♥❞ ♦✉r s❛♠♣❧❡s✱ s♦ t❤❛t t❤❡r❡ ✐s ❛ ✈❡rt✐❝❛❧ ♦✛s❡t
❜❡t✇❡❡♥ tr❡♥❞s ❞❡s❝r✐❜✐♥❣ t❤❡ t✇♦ ❞❛t❛ s❡ts✿ t❤✐s ✐s ♣♦ss✐❜❧② ❞✉❡ t♦ ❝❤❛♥❣❡s ✐♥
♣r❡♣❛r❛t✐♦♥ t❡❝❤♥✐q✉❡s ❛♥❞ ❣r♦✇t❤ s✉❜str❛t❡s✳
✽✳ ❙♣✉tt❡r❡❞ s❛♠♣❧❡s ♣r♦✈❡ t♦ ❜❡ ♠♦r❡ st❛❜❧❡ t❤❛♥ t❤❡r♠❛❧ ❞❡♣♦s✐t❡❞ ♦♥❡s ✉♥❞❡r ❯❱
❧✐❣❤t✱ ✇❤✐❧❡ st❛❜✐❧✐t② ✐♥❝r❡❛s❡s ✇✐t❤ ❛♥♥❡❛❧✐♥❣ t❡♠♣❡r❛t✉r❡✳ ■♥ ❢❛❝t✱ t❤❡ ♣❡r❝❡♥t❛❣❡
♦❢ ▼♦6+ ♦①✐❞❛t✐♦♥ st❛t❡ ✐s ❣❡♥❡r❛❧❧② ❧♦✇❡r ❛❢t❡r ❜❡❛♠ ❡①♣♦s✉r❡ ✲ ❯❱ r❛②s ❤❡❧♣
❖✲✈❛❝❛♥❝② ❝r❡❛t✐♦♥ r❡s✉❧t✐♥❣ ✐♥ ♦①✐❞❡ r❡❞✉❝t✐♦♥✱ ❜✉t t❤❡ ❞❡❝r❡❛s❡ ✐s ❧❡ss ✐♠♣♦rt❛♥t
❝♦♠♣❛r✐♥❣ s♣✉tt❡r❡❞ t♦ t❤❡r♠❛❧ s❛♠♣❧❡s ♦r ❛♥♥❡❛❧❡❞ t♦ ♥♦t ❛♥♥❡❛❧❡❞ ♦♥❡s✳ ❋♦r
❡①❛♠♣❧❡✱ ❛ ✼✪ ❞r♦♣ ✐♥ ▼♦6+ ♦①✐❞❛t✐♦♥ st❛t❡ ✐s ♠❡❛s✉r❡❞ ❢♦r r❛✇ t❤❡r♠❛❧ ♦①✐❞❡✱
✇❤❡r❡❛s ✐t ✐s ♦♥❧② ❜② ✷✳✶✪ ❢♦r s♣✉tt❡r❡❞✳ ■♥ t❤❡ s❛♠❡ ✇❛②✱ s♣✉tt❡r❡❞ ♦①✐❞❡s tr❡❛t❡❞
❜② ✹✺✵➦❈ ❛♥♥❡❛❧✐♥❣ ❛♥❞ ✸✺✵➦❈ ✐♥ s✐t✉ ❛♥♥❡❛❧✐♥❣ ✰ ✷✵✵➦❈ ❤❡❛t✐♥❣ ✉♥❞❡r❣♦ ❛❧♠♦st
♥♦ ❡✛❡❝t ❞✉❡ t♦ ❯❱ ♣❤♦t♦♥s✳ ❚❤❡ ♦♥❧② ♠❡❛s✉r❡ ♦✉t ♦❢ t❤❡ tr❡♥❞ ✐s ❛ ▼♦6+ ❞❡❝r❡❛s❡
♦❢ ♦♥❧② ✵✳✹✪ ❢♦r t❤❡r♠❛❧ ❞❡♣♦s✐t❡❞ ▼♦❖x ❤❡❛t❡❞ ❛t ✶✺✵➦❈✱ ✇❤❡r❡❛s ✐t ✐s ♦❢ ✷✳✺✪
❢♦r ✸✺✵➦❈ ❛♥♥❡❛❧❡❞✳ ■t ✐s ✇♦rt❤ ✉♥❞❡r❧✐♥✐♥❣ t❤❛t t❤❡ ✜rst ❛♥♥❡❛❧✐♥❣ st❡♣ s❤♦✉❧❞
❜❡ ❝❛r❡❢✉❧❧② ✐♥t❡r♣r❡t❡❞ ❞✉❡ t♦ t❤❡ ✐♠♣♦rt❛♥t ❡✛❡❝t ♦❢ ❝♦♥t❛♠✐♥❛♥t ❞❡s♦r♣t✐♦♥ ♦♥
✈❛❝✉✉♠ ❧❡✈❡❧ ♣♦s✐t✐♦♥✳
✺✹
✭❛✮ ✳ ✭❜✮ ✳
✭❝✮ ✳
❋✐❣✉r❡ ✺✳✶✻✿ ❖①✐❞❛t✐♦♥ st❛t❡ ♣r♦♣♦rt✐♦♥s ❛♥❞ ✇♦r❦ ❢✉♥❝t✐♦♥ ❡✈♦❧✉t✐♦♥ ✇✐t❤ ❛♥♥❡❛❧✐♥❣
t❡♠♣❡r❛t✉r❡ ❢♦r ♠♦❧②❜❞❡♥✉♠ ♦①✐❞❡ ♦♥ ❙✐✳ ✭❛✮ r❡❢❡rs t♦ t❤❡r♠❛❧ ❞❡♣♦s✐t❡❞ s❛♠♣❧❡ ❛♥❞
✭❜✮ t♦ s♣✉tt❡r❡❞ ♦♥❡✱ ❜♦t❤ ❛♥❛❧②③❡❞ ❛t ▲❘❙ ✐♥ ✷✵✶✻✱ ✇❤✐❧❡ ✭❝✮ ❝♦♥❝❡r♥s ❝♦♠♣❛r❛t✐✈❡
❡①♣❡r✐♠❡♥t❛❧ ❞❛t❛ ❢r♦♠ r❡❢✳ ❬✷✺❪✳ ❚❤❡ t❤r❡❡ ❣r❛♣❤s r❡✈❡❛❧ ❛ s✐♠✐❧❛r ❡✈♦❧✉t✐♦♥ ❢♦r ❖✿▼♦
r❛t✐♦ ❛♥❞ ✇♦r❦ ❢✉♥❝t✐♦♥✱ ❡✈❡♥ ✐❢ ✐♥ ✭❝✮ ❛ ❞r♦♣ ✐s ✈✐s✐❜❧❡ ❛❢t❡r ✹✺✵ ❑✱ ✇❤❡r❡❛s ❛ ❝♦♥st❛♥t
✐♥❝r❡❛s❡ ❝❛♥ ❜❡ s❡❡♥ ✐♥ ✭❛✮ ❛♥❞ ✭❜✮✳ ❚❡♠♣❡r❛t✉r❡ s❝❛❧❡ ✐♥ ❑❡❧✈✐♥✳
✾✳ ❆❧s♦ ❞✐✛❡r❡♥❝❡s ❜❡t✇❡❡♥ s♣✉tt❡r❡❞ ♦①✐❞❡s ❛❝❝♦r❞✐♥❣ t♦ t❤❡ ❛♥♥❡❛❧✐♥❣ ♠❡t❤♦❞ ❝♦✉❧❞
❜❡ ✐♥❢❡rr❡❞✱ ❡✈❡♥ ✐❢ t❤❡ ❝r✉❝✐❛❧ ♠❡❛s✉r❡♠❡♥t ♦♥ ✐♥✲❳P❙✲❝❤❛♠❜❡r ✸✺✵➦❈ ❛♥♥❡❛❧❡❞
s❛♠♣❧❡ ✇❛s ❛✤✐❝t❡❞ ❜② ❛ ♠❛❝❤✐♥❡ ❜r❡❛❦❞♦✇♥ ✇❤✐❝❤ ♣r❡✈❡♥t❡❞ ❯❱ ❡✛❡❝t st✉❞②✳ ■t
✐s ♣♦ss✐❜❧❡ t♦ ♥♦t✐❝❡ t❤❛t ✐♥ s✐t✉ ❛♥❞ ✐♥✲❳P❙ ❛♥♥❡❛❧❡❞ s❛♠♣❧❡s ❤❛✈❡ ❝♦♠♣❛t✐❜❧❡
✇♦r❦ ❢✉♥❝t✐♦♥s ✲ r❡s♣❡❝t✐✈❡❧② ✺✳✸✹ ❛♥❞ ✺✳✸✽ ❡❱ ❛❢t❡r ❝❛r❜♦♥ ❞❡s♦r♣t✐♦♥ ✲ ❜✉t t❤❡
❧❛tt❡r ♣r♦✈❡❞ t♦ ❜❡ ♠♦r❡ r❡❞✉❝❡❞ ✭✸✻✳✶✪ ✈s ✶✵✳✸✪ ♦❢ ▼♦5+ st❛t❡✮✱ ❡✈❡♥ ✐❢ t❤❡ r♦❧❡
♦❢ ▼♦4+ s❤♦✉❧❞ ❜❡ ❢✉rt❤❡r ✉♥❞❡rst♦♦❞✳
❚❤❡s❡ r❡s✉❧ts ❛❣r❡❡ ✇✐t❤ t❤❡ ♣r❡✈✐♦✉s ❦♥♦✇❧❡❞❣❡ ❛❜♦✉t t❤❡ r❡❞✉❝t✐♦♥ ♦❢ ♠♦❧②❜❞❡♥✉♠
♦①✐❞❡ ❜② ❛♥♥❡❛❧✐♥❣ ❛♥❞ ❯❱ ❡①♣♦s✉r❡✳ ■t ✐s ✐♠♣♦rt❛♥t t♦ ♣♦✐♥t ♦✉t t❤❛t✱ ✐♥ t❤❡ ♣❡rs♣❡❝t✐✈❡
♦❢ ❛♥ ❛♣♣❧✐❝❛t✐♦♥ ✐♥ s♦❧❛r ❝❡❧❧s✱ t❤❡ ❝❤❛♥❣❡ ♦❢ ▼♦❖x ♣r♦♣❡rt✐❡s ✉♥❞❡r ❯❱ ❧✐❣❤t ✐s ♥♦t
❛ ❞❡s✐r❛❜❧❡ ❢❡❛t✉r❡ ♦❢ t❤❡ ♠❛t❡r✐❛❧✱ ✇❤❡r❡❛s t❤❡ ❛♥♥❡❛❧✐♥❣✲✐♥❞✉❝❡❞ ❡✈♦❧✉t✐♦♥ ✐s ❛ ❧❛❜✲
❝♦♥tr♦❧❧❛❜❧❡ ♠❡t❤♦❞ ✇❤✐❝❤ ❛❧❧♦✇s t♦ t❛✐❧♦r ❝♦♠♣♦✉♥❞ ❝❤❛r❛❝t❡r✐st✐❝s ✐♥ ❛ ♣r❡❞✐❝t❛❜❧❡
✇❛②✳ ❚❤❡r❡❢♦r❡✱ s♣✉tt❡r✐♥❣ ❞❡♣♦s✐t✐♦♥ ♣r♦✈❡s t♦ ❜❡ ♠♦r❡ ❡✣❝✐❡♥t ❛♥❞ r❡❧✐❛❜❧❡ ❛s ❛ ❣r♦✇✐♥❣
t❡❝❤♥✐q✉❡ ❞✉❡ t♦ t❤❡ ❧✐tt❧❡ ✐♥✢✉❡♥❝❡ ♦❢ ❯❱ r❛②s ♦♥ t❤❡ ♣r♦❞✉❝❡❞ s❛♠♣❧❡s✱ ❡s♣❡❝✐❛❧❧② ❛❢t❡r
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Pr♦t♦❝♦❧
❉✐✛❡r❡♥t s❛♠♣❧❡s ❣r♦✇♥ ♦♥ ■❚❖ ✇❡r❡ ❛♥❛❧②③❡❞ t♦ ❝♦❧❧❡❝t ❞❛t❛ ❛❜♦✉t t❤❡✐r ❝❤❡♠✐❝❛❧
❛♥❞ ❡❧❡❝tr♦♥✐❝ ♣r♦♣❡rt✐❡s✿
✶✳ ▼♦❖x ♦♥ ■❚❖ ❢r♦♠ s♣✉tt❡r✐♥❣✱ s✉❜s❡q✉❡♥t❧② tr❡❛t❡❞ ❜② ❛♥♥❡❛❧✐♥❣ ❛t ✸✺✵➦❈ ✭t❤✐❝❦✲
♥❡ss ∼✸✵ ♥♠✮❀
✷✳ ▼♦❖x ♦♥ ■❚❖ ❢r♦♠ t❤❡r♠❛❧ ❞❡♣♦s✐t✐♦♥✱ tr❡❛t❡❞ ❜② ❛♥♥❡❛❧✐♥❣ ❛t ✸✺✵➦❈ ✭t❤✐❝❦♥❡ss
∼✸✵ ♥♠✮✳
❆❧❧ t❤❡ s❛♠♣❧❡s ✇❡r❡ ♣r❡✈✐♦✉s❧② ♣✉t ✐♥ t❤❡ ♣r❡♣❛r❛t✐♦♥ ❝❤❛♠❜❡r ❛♥❞ ❤❡❛t❡❞ ❛t ❚ ∼ ✶✸✵➦❈
✐♥ ♦r❞❡r t♦ ❢r❡❡ t❤❡ s✉r❢❛❝❡ ❢r♦♠ ❝♦♥t❛♠✐♥❛♥ts✳
▲❊❊▼ ✐♠❛❣❡s ❛♥❞ s♣❡❝tr❛ ♦❢ ❡✈❡r② s❛♠♣❧❡ ✇❡r❡ ❛❝q✉✐r❡❞ ❢♦❝✉s✐♥❣ ❛♥ ❡❧❡❝tr♦♥ ❜❡❛♠
♦♥ t❤❡ ♦①✐❞❡ s✉r❢❛❝❡✳ ❋r♦♠ t❤❡ ♥❛♥♦♠❡tr✐❝✲r❡s♦❧✈❡❞ r❡✢❡❝t✐♦♥ ❞r♦♣ ♠❛♣s✱ ✇♦r❦ ❢✉♥❝t✐♦♥
❞✐✛❡r❡♥❝❡s ♦♥ t❤❡ s✉r❢❛❝❡ ❝♦✉❧❞ ❜❡ ❡①❛♠✐♥❡❞ ❛s ✇❡❧❧ ❛s t❤❡✐r ❡✈♦❧✉t✐♦♥ ❞✉r✐♥❣ ❛♥♥❡❛❧✐♥❣✱
❛♥❛❧②③✐♥❣ s♣❡❝✐✜❝ ❘❖■s ♦r s✐♥❣❧❡ ♣✐①❡❧s ✇✐t❤ ❞✐✛❡r❡♥t ❡❧❡❝tr♦♥ ❛❜s♦r♣t✐♦♥ ♣r♦♣❡rt✐❡s ❛♥❞
❝❛❧❝✉❧❛t✐♥❣ ❝✉t♦✛ ♣♦s✐t✐♦♥s ♦♥ ❛ss♦❝✐❛t❡❞ s♣❡❝tr❛✳ ■♥ ♦r❞❡r t♦ ❡①tr❛❝t q✉❛♥t✐t❛t✐✈❡ ❞❛t❛✱
r❡❧❛t✐✈❡ ✇♦r❦ ❢✉♥❝t✐♦♥ ✇❛s ❞❡t❡r♠✐♥❡❞ ♦♥ ❙❚❱ s❝❛❧❡ ❜② t❤❡ ✐♥t❡rs❡❝t✐♦♥ ❜❡t✇❡❡♥ t❤❡
❧✐♥❡❛r ✜ts t♦ t❤❡ ✶✵✵✪ ❡❧❛st✐❝❛❧❧② r❡✢❡❝t❡❞ ❡❧❡❝tr♦♥s ❛♥❞ t♦ t❤❡ ❞r♦♣✲♦✛ ✇❤❡♥ ❲❋sample
✐s ♦✈❡r❝♦♠❡[✷✻]✳ ❙✐♥❝❡
WFsample = STV +WFcath,
❛ ♠❡❛s✉r❡♠❡♥t ♦❢ WFcath✱ t❤❡ ❝❛t❤♦❞❡ ✇♦r❦ ❢✉♥❝t✐♦♥ ♦❢ t❤❡ ✐♥str✉♠❡♥t✱ ✐s ♥❡❡❞❡❞ t♦
♦❜t❛✐♥ ❛❜s♦❧✉t❡ WFsample ✈❛❧✉❡s✳ ❆❝❝♦r❞✐♥❣ t♦ t❤❡ ❝❛❧✐❜r❛t✐♦♥ ♣r♦❝❡❞✉r❡ ❞❡s❝r✐❜❡❞ ✐♥
r❡❢✳ ❬✷✽❪✱ ❙❚❱ ♦❢ ▲❊❊▼ ❞r♦♣✲♦✛ ❛♥❞ WFsample ❢r♦♠ ❯P❙ ❢♦r t❤❡ s❛♠❡ ❣♦❧❞ ♦♥ s✐❧✐❝♦♥
r❡❢❡r❡♥❝❡ s❛♠♣❧❡ ✇❡r❡ ❝♦♠♣❛r❡❞✱ t♦ ❣❡t
WFcath = 3.38eV.
▼♦❖x ▲❊❊▼ ❞❛t❛ ❝♦✉❧❞ ❤❡♥❝❡ ❜❡ ♣❧♦tt❡❞ ♦♥ ✇♦r❦ ❢✉♥❝t✐♦♥ s❝❛❧❡ ❜② ❛ ✸✳✸✽ ❡❱ tr❛♥s❧❛t✐♦♥✳
■♥ ❛ s✐♠✐❧❛r ✇❛②✱ s✇✐t❝❤✐♥❣ ❢r♦♠ ❡❧❡❝tr♦♥ ❣✉♥ t♦ s②♥❝❤r♦tr♦♥ ❳✲r❛② ❜❡❛♠ ❛♥❞ s❡tt✐♥❣
s✉✐t❛❜❧❡ ♣❤♦t♦♥ ❡♥❡r❣② ❛♥❞ ❦✐♥❡t✐❝ ❡♥❡r❣② s❝❛♥ ✐♥t❡r✈❛❧ ✭❙❚❱✮✱ ❞✐✛❡r❡♥t ♦r❜✐t❛❧s ✇❡r❡
✐♥✈❡st✐❣❛t❡❞ ❜② ❳P❊❊▼✿ ▼♦✸❞3/2✲▼♦✸❞5/2 ✭✇✐t❤ ❛ t②♣✐❝❛❧ ♣❤♦t♦♥ ❡♥❡r❣② hν ♦❢ ✹✵✵ ♦r
✻✺✵ ❡❱✮✱ ❖✶s ✭✇✐t❤ hν ❂ ✻✺✵ ❡❱✮✱ ✈❛❧❡♥❝❡ ❜❛♥❞ ❛♥❞ s❡❝♦♥❞❛r② ❡❧❡❝tr♦♥ ❝✉t♦✛ ✭t②♣✐❝❛❧❧②
✇✐t❤ hν ❂ ✶✵✵ ❡❱✮✳
❚❤❡ t❡❝❤♥✐q✉❡ ♣r♦✈✐❞❡❞ ❛ ❝♦♥t❡①t✉❛❧ r❡❝♦r❞✐♥❣ ♦❢ s✉r❢❛❝❡ ♠❛♣ ✇❤❡r❡ t❤❡ ❡❧❡❝tr♦♥
❡♠✐ss✐♦♥ ❢♦r ❡✈❡r② ♣♦✐♥t ❝♦✉❧❞ ❜❡ ✈✐s✉❛❧✐③❡❞✱ ✇✐t❤ ❛♥ ❡st✐♠❛t❡❞ r❡s♦❧✉t✐♦♥ ♦❢ ∼✶✵✵ ♥♠✳
❚❤❡ ✐♠❛❣❡s ✇❡r❡ t❤❡♥ ❛♥❛❧②③❡❞ tr❛❝✐♥❣ ❞✐✛❡r❡♥t ❘❖■s ❛♥❞ st✉❞②✐♥❣ ❡♠✐ss✐♦♥ s♣❡❝tr❛
❢♦r s❡❧❡❝t❡❞ ③♦♥❡s ❛♥❞ t❤❡ ♣r♦❝❡❞✉r❡ ✇❛s r❡♣❡❛t❡❞ ❢♦r ❡✈❡r② s❛♠♣❧❡ ❜❡❢♦r❡ ❛♥❞ ❛❢t❡r
❛♥♥❡❛❧✐♥❣ st❡♣s ❛♥❞ ✇✐t❤ ❞✐✛❡r❡♥t ♦①②❣❡♥ ❝♦♥t❡♥ts ✐♥ t❤❡ ❝❤❛♠❜❡r✳ ❇♦t❤ ❢♦r ✈❛❧❡♥❝❡
❜❛♥❞ ❛♥❞ s❡❝♦♥❞❛r② s♣❡❝tr❛✱ ❝✉t♦✛ ♣♦s✐t✐♦♥s ❝♦✉❧❞ ❜❡ ❧♦❝❛t❡❞ ❜② t❤❡ ✐♥t❡rs❡❝t✐♦♥ ❜❡t✇❡❡♥
❛ ❧✐♥❡❛r ✜t ♦♥ t❤❡ s❧♦♣❡ ❛♥❞ t❤❡ ❤♦r✐③♦♥t❛❧ t❛♥❣❡♥t t♦ t❤❡ ❜❛❝❦❣r♦✉♥❞✱ ✐♥ ❛ s✐♠✐❧❛r ✇❛②
t♦ ❯P❙ ❛♥❛❧②s✐s✳
❘❡s✉❧ts
▲❊❊▼ ❡①❛♠♣❧❡s r❡❧❛t✐✈❡ t♦ s♣✉tt❡r❡❞ ✸✵ ♥♠ t❤✐❝❦ ▼♦❖x ❛r❡ s❤♦✇♥ ✐♥ ✜❣✉r❡ ✺✳✶✽✳
❲❤❡r❡❛s r❡✢❡❝t✐♦♥ ❞r♦♣✲♦✛ ✐s st❛❜❧❡ ❛♥❞ ✇♦r❦ ❢✉♥❝t✐♦♥ ❤♦♠♦❣❡♥❡♦✉s ♦♥ t❤❡ s❛♠❡ s✉r❢❛❝❡✱
❈❤❛♣t❡r ✺✳ ❘❡s✉❧ts ❛♥❞ ❞✐s❝✉ss✐♦♥ ✺✼
❋✐❣✉r❡ ✺✳✶✽✿ ◆♦r♠❛❧✐③❡❞
▲❊❊▼ s♣❡❝tr❛ ♦♥ t❤❡ ❝❛❧✲
✐❜r❛t❡❞ ❲❋ s❝❛❧❡ r❡❢❡rr✐♥❣
t♦ t❤❡ ✇❤♦❧❡ s❛♠♣❧❡ s✉r❢❛❝❡
❜❡❢♦r❡ ❛♥❞ ❛❢t❡r ❛♥♥❡❛❧✐♥❣
❢♦r s♣✉tt❡r❡❞ ▼♦❖x✱ ✇✐t❤
t❤❡ ❝♦rr❡s♣♦♥❞✐♥❣ s✉r❢❛❝❡
♠❛♣s✳ ❙❚❱ ❂ ✷ ❛♥❞ ✷✳✹ ❡❱
r❡s♣❡❝t✐✈❡❧②✱ ❝♦rr❡s♣♦♥❞✐♥❣
t♦ ❛♥ ❡♥❡r❣② str❛✐❣❤t ❛❢t❡r
t❤❡ ❞r♦♣✲♦✛ st❛rt❀ ❋❖❱ ❂
✷✵ µ♠✳ ❚❤❡ s♠❛❧❧ ❜❧❛❝❦ ❛♥❞
✇❤✐t❡ ❢❡❛t✉r❡s ❛♣♣❡❛r✐♥❣ ❛❢t❡r
❛♥♥❡❛❧✐♥❣ ❛r❡ ♣r♦❜❛❜❧② ❞✉❡
t♦ s✉r❢❛❝❡ ♣❤②s✐❝❛❧ ❞❡❢❡❝ts ❛s
s❝r❛t❝❤❡s✳
✭❛✮ ✭❜✮
❋✐❣✉r❡ ✺✳✶✾✿ ▼♦✸❞ ♣❡❛❦s
❢♦r t❤❡r♠❛❧ ❞❡♣♦s✐t❡❞ ▼♦❖x
❤❡❛t❡❞ ❛t ∼✶✸✵➦❈✱ ❛t ❛ ♣❤♦✲
t♦♥ ❡♥❡r❣② ♦❢ ✹✵✵ ❡❱ ✭❛✮ ❛♥❞
❳P❊❊▼ ♠❛♣ ♦❜t❛✐♥❡❞ ❜②
s✉♠♠✐♥❣ t❤❡ ✐♠❛❣❡s ❛❝q✉✐r❡❞
❛t ❡✈❡r② ❙❚❱ st❡♣ ✭❜✱ ❋❖❱ ❂
✶✵ µ♠✮✳
s♣❡❝tr❛ r❡❣✐st❡r❡❞ ❢♦r ❛♥ ♦✈❡r❛❧❧ ❘❖■ ❜❡❢♦r❡ ❛♥❞ ❛❢t❡r ✸✺✵➦❈ ❛♥♥❡❛❧✐♥❣ ❝❛♥ ❜❡ ❝♦♠♣❛r❡❞✳
■t ✐s ❛♣♣❛r❡♥t t❤❛t ❛t ❤✐❣❤ t❡♠♣❡r❛t✉r❡ ▲❊❊▼ ❝✉t♦✛ ♠♦✈❡s ✐♥ t❤❡ ❞✐r❡❝t✐♦♥ ♦❢ ❤✐❣❤❡r
❦✐♥❡t✐❝ ❡♥❡r❣✐❡s✱ ❛♥❞ ❛ ❞✐✛❡r❡♥❝❡ ♦❢ ∼✵✳✺ ❡❱ ✐♥ t❤❡ ♣♦s✐t✐♦♥ ♦❢ t❤❡ s✐❣♥❛❧ ❞r♦♣ ❛♣♣❡❛rs✳
❈❛❧✐❜r❛t✐♦♥ ♣r♦❝❡❞✉r❡ ❛❧❧♦✇❡❞ t♦ ♦❜t❛✐♥ q✉❛♥t✐t❛t✐✈❡ ❞❛t❛ ❢♦r ✇♦r❦ ❢✉♥❝t✐♦♥s✿
❼ ✺✳✹✶ ❛♥❞ ✺✳✽✻ ❡❱ ❢♦r s♣✉tt❡r❡❞ s❛♠♣❧❡ ❜❡❢♦r❡ ❛♥❞ ❛❢t❡r ✸✺✵➦❈ ❛♥♥❡❛❧✐♥❣✱
❼ ✹✳✼✵ ❛♥❞ ✺✳✻✼ ❡❱ ❜❡❢♦r❡ ❛♥❞ ❛❢t❡r t❤❡ s❛♠❡ tr❡❛t♠❡♥t ♦♥ t❤❡r♠❛❧ ❞❡♣♦s✐t❡❞ ▼♦❖x✳
❆s ❢♦r ❳P❊❊▼ ♠❛♣s✱ s✐♥❝❡ ❛❧❧ t❤❡ ❛♥❛❧②③❡❞ ▼♦❖x s❛♠♣❧❡s ✇❡r❡ ✉♥✐❢♦r♠ ❛♥❞ ♥♦
❞✐s♣❧❛❝❡♠❡♥t ✐♥ ♣❡❛❦ ♣♦s✐t✐♦♥s ♦♥ ❞✐✛❡r❡♥t r❡❣✐♦♥s ✇❛s ♠❡❛s✉r❡❞✱ ♦♥❧② ❘❖■s ❡①t❡♥❞❡❞
♦✈❡r t❤❡ ✇❤♦❧❡ s✉r❢❛❝❡ ✇❡r❡ ❡①❛♠✐♥❡❞✳ ❆s ❛♥ ❡①❛♠♣❧❡✱ ❛♥ ❤♦♠♦❣❡♥❡♦✉s ❳P❊❊▼ ♠❛♣
❛♥❞ ❝♦rr❡s♣♦♥❞✐♥❣ ▼♦✸❞ ♣❡❛❦s ✭s♣❧✐t ❜② s♣✐♥✲♦r❜✐t ❝♦✉♣❧✐♥❣✮ ❡①tr❛❝t❡❞ ❜② ❛♥❛❧②s✐s ♦❢ ❛♥
♦✈❡r❛❧❧ ❘❖■ ❛r❡ s❤♦✇♥ ✐♥ ✜❣✉r❡ ✺✳✶✾✳
❆❧s♦ s❡❝♦♥❞❛r② ❡❧❡❝tr♦♥ ❝✉t♦✛s ❛r❡ ❤♦♠♦❣❡♥❡♦✉s ♦♥ ❡✈❡r② ❛♥❛❧②③❡❞ s❛♠♣❧❡✱ ❡✈❡♥ ❛❢t❡r
t❤❡ ❤✐❣❤ t❡♠♣❡r❛t✉r❡ ❤❡❛t✐♥❣✱ ❛♥❞ ♥♦ r❡❣✐♦♥s ✇✐t❤ ❞✐✛❡r❡♥t ❝❤❛r❛❝t❡r✐st✐❝s ✐♥ t❤❡ ❝♦❧♦✉r
♠❛♣ ✇❡r❡ ❞❡t❡❝t❡❞✳ ❍♦✇❡✈❡r✱ ✐t ♣r♦✈❡❞ ✐♠♣♦ss✐❜❧❡ t♦ ❡①tr❛❝t q✉❛♥t✐t❛t✐✈❡ ❞❛t❛ ❜❡❝❛✉s❡
♦❢ ♣r♦❜❧❡♠s t♦ ❞❡t❡r♠✐♥❡ ❛ ✇❡❧❧✲❡st❛❜❧✐s❤❡❞ ❝❛❧✐❜r❛t✐♦♥ ♠❡t❤♦❞ ❢♦r t❤❡ ✐♥str✉♠❡♥t ❛♥❞
❛ ❧❛❝❦ ♦❢ ♣❤♦t♦♥ ❡♥❡r❣② r❡♣r♦❞✉❝✐❜✐❧✐t②✳ ❋✉rt❤❡r ♠❡❛s✉r❡♠❡♥ts t♦ s♦❧✈❡ s♦♠❡ ♦❢ t❤❡s❡
✐ss✉❡s ❛r❡ t❤❡r❡❢♦r❡ ♥❡❡❞❡❞✱ ❜✉t t❤❡ s②♥❝❤r♦tr♦♥ ❢❛❝✐❧✐t② ✇❛s ♥♦t ❛❝❝❡ss✐❜❧❡ ❛❢t❡r t❤❡ ❞❛t❛
❡❧❛❜♦r❛t✐♦♥ ✇❤✐❝❤ r❡✈❡❛❧❡❞ t❤❡♠✳
✺✽
❋✐❣✉r❡ ✺✳✷✵✿ ❙♣✉tt❡r❡❞ ▼♦❖x s❛♠♣❧❡ ✈❛✲
❧❡♥❝❡ ❜❛♥❞ ❝♦♠♣❛r✐s♦♥ ❜❡❢♦r❡ ❛♥❞ ❛❢t❡r
t❤❡ ❛♥♥❡❛❧✐♥❣ tr❡❛t♠❡♥t ❛t ✸✺✵➦❈✳ ❙♣❡❝✲
tr❛ ❛r❡ ♥♦r♠❛❧✐③❡❞ ❛t ✶ ❛♥❞ ✵ ❛t r❡s♣❡❝✲
t✐✈❡ ❡♥❞s✳
❚❤❡ ❝❤❛rt ✐♥ ✜❣✉r❡ ✺✳✷✵ ❝♦♠♣❛r❡s s♣✉tt❡r❡❞ ▼♦❖x ✈❛❧❡♥❝❡ ❜❛♥❞s ❛t r♦♦♠ t❡♠♣❡r❛t✉r❡
❛♥❞ ❛❢t❡r t❤❡ ❛♥♥❡❛❧✐♥❣ ❝②❝❧❡✳ ■t ✐s ✐♠♣♦rt❛♥t t♦ ♣♦✐♥t ♦✉t t❤❛t ❜❡❢♦r❡ t❤❡r♠❛❧ tr❡❛t♠❡♥t
t❤❡ s❛♠♣❧❡ ✇❛s ❤❡❧❞ ✉♥❞❡r ❛♥ ♦①②❣❡♥✲r✐❝❤ ❛t♠♦s♣❤❡r❡ ✭PO2 ∼ ✷×✶✵−8 ❚♦rr✮✳
❋♦❝✉s✐♥❣ ♦♥ t❤❡ r✐❣❤t s❤♦✉❧❞❡rs ❛❝❝♦✉♥t✐♥❣ ❢♦r ❞❡❢❡❝t st❛t❡s✱ ❛ ❞❡❝r❡❛s❡ ♦❢ t❤❡✐r ✐♥✲
t❡♥s✐t② ❛❢t❡r ❛♥♥❡❛❧✐♥❣ ✭✇✐t❤♦✉t ❖2✮ ✐s ❡✈✐❞❡♥t✳ ❚❤❡ ♠❛✐♥ ❝✉t♦✛ ❞✐s♣❧❛❝❡❞ t♦✇❛r❞s ❧♦✇❡r
❦✐♥❡t✐❝ ❡♥❡r❣✐❡s ✐♥ t❤❡ ♣♦st✲tr❡❛t♠❡♥t ♠❡❛s✉r❡♠❡♥t ✭❜② ✵✳✺ ❡❱ ✐♥ t❤✐s ❡①❛♠♣❧❡✮✳
❉✐s❝✉ss✐♦♥
❉❛t❛ ❝♦❧❧❡❝t❡❞ ❢r♦♠ s②♥❝❤r♦tr♦♥ t❡❝❤♥✐q✉❡s ♦♥ ♠♦❧②❜❞❡♥✉♠ ♦①✐❞❡ ❛❧❧♦✇ t♦ ❞r❛✇ s♦♠❡
♠❛✐♥ ❝♦♥❝❧✉s✐♦♥s✿
✶✳ ❋r♦♠ t❤❡ ✇❤♦❧❡ s❡t ♦❢ st✉❞✐❡s ♦♥ ▼♦❖x ✭▲❊❊▼✱ ▼♦✸❞ ❛♥❞ s❡❝♦♥❞❛r② ❝✉t♦✛✮
❛t ❡✈❡r② ❤❡❛t✐♥❣ tr❡❛t♠❡♥t st❛❣❡✱ ✐t ❛♣♣❡❛rs t❤❛t ♥♦ ❝r②st❛❧❧✐t❡s ♦r r❡❣✐♦♥s ✇✐t❤
❞✐✛❡r❡♥t ❝❤❡♠✐❝❛❧ ❛♥❞ ❡❧❡❝tr✐❝❛❧ ♣r♦♣❡rt✐❡s ❛r❡ ♣r❡s❡♥t ♦♥ t❤❡ s✉r❢❛❝❡ ❛♥❞ s❛♠♣❧❡s
❞♦ ♥♦t ❝❤❛♥❣❡ ❞✉r✐♥❣ ❛♥♥❡❛❧✐♥❣ ❝②❝❧❡✳ ❖①✐❞❛t✐♦♥ ❞❡❣r❡❡ ❛♥❞ ✇♦r❦ ❢✉♥❝t✐♦♥ ❛r❡
t❤❡r❡❢♦r❡ ❤♦♠♦❣❡♥❡♦✉s t❤r♦✉❣❤♦✉t t❤❡ ♠❛t❡r✐❛❧✳
✷✳ ▼♦❖x ✈❛❧❡♥❝❡ ❜❛♥❞ ❡✈♦❧✈❡s ✇✐t❤ t❤❡r♠❛❧ tr❡❛t♠❡♥t✱ ❜✉t ✐♥ ❛ ❞✐r❡❝t✐♦♥ ✇❤✐❝❤ ✐s
♦♣♣♦s✐t❡ t♦ t❤❡ ❡①♣❡❝t❛t✐♦♥s[✺][✻]✳ ■♥ ❢❛❝t✱ t❤❡ s❛♠♣❧❡s ♦①✐❞✐③❡ ✐♥st❡❛❞ ♦❢ ❜❡✐♥❣
r❡❞✉❝❡❞ ✭✜❣✉r❡ ✺✳✷✵✮✱ ❛s ❝❛♥ ❜❡ s❡❡♥ ❢r♦♠ t❤❡ ❞✐s❛♣♣❡❛r❛♥❝❡ ♦❢ t❤❡ ❞❡❢❡❝t st❛t❡s ✐♥
t❤❡ ❡①tr❡♠❡ ♣❛rt ♦❢ t❤❡ ✈❛❧❡♥❝❡ ❜❛♥❞[✷] ❛♥❞ ❱❇ ❡❞❣❡ ❞✐s♣❧❛❝❡♠❡♥t t♦✇❛r❞s ❧♦✇❡r
❦✐♥❡t✐❝ ❡♥❡r❣✐❡s ✭✐✳❡✳ ❤✐❣❤❡r ❜✐♥❞✐♥❣ ❡♥❡r❣✐❡s✮✳ ❙✐♥❝❡ t❤❡ s❛♠♣❧❡s ✇❡r❡ ❦❡♣t ✉♥❞❡r
♦①②❣❡♥ ❞✉r✐♥❣ ♠♦st ♦❢ t❤❡ ♠❡❛s✉r❡♠❡♥ts✱ ❤✐❣❤ ❛♥♥❡❛❧✐♥❣ t❡♠♣❡r❛t✉r❡ ❡♥❤❛♥❝❡s
♦①✐❞❛t✐♦♥ ❡✛❡❝t✐✈❡♥❡ss ✇✐t❤ t❤❡ ❝♦♥s❡q✉❡♥t✐❛❧ ✜❧❧✐♥❣ ♦❢ ❖✲✈❛❝❛♥❝② ❞❡❢❡❝t st❛t❡s
❛♥❞ ❞❡❝r❡❛s❡ ♦❢ t❤❡✐r ❝♦♥tr✐❜✉t✐♦♥ t♦ ❝♦♥❞✉❝t✐♦♥✳ ❚❤✐s ❝♦✉❧❞ ❜❡ tr✉❡ ❛❧s♦ ❢♦r t❤❡
❛♥❛❧②s❡s ♣❡r❢♦r♠❡❞ ✇✐t❤♦✉t ♦①②❣❡♥ ✭❛s ✐♥ t❤❡ ❝❛s❡ ♦❢ ❛♥♥❡❛❧❡❞ s❛♠♣❧❡ ✐♥ ✜❣✉r❡
✺✳✷✵✮✱ s✐♥❝❡ ❣❛s ♠♦❧❡❝✉❧❡s ❝❛♥ r❡♠❛✐♥ ❛♥❞ r❡❛❝t ♦♥ t❤❡ ♦①✐❞❡ s✉r❢❛❝❡ ❛❧s♦ ❛❢t❡r t❤❡
❖2 ✢✉① r❡♠♦✈❛❧✳
✸✳ ❲♦r❦ ❢✉♥❝t✐♦♥ ❞✐✛❡r❡♥❝❡s ❡♠❡r❣❡ ❜❡❢♦r❡ ❛♥❞ ❛❢t❡r ❛♥♥❡❛❧✐♥❣ ❛♥❞ t❤❡② ❛r❡ ❝♦♠♣❛t✲
✐❜❧❡ ✇✐t❤ ❯P❙ ♠❡❛s✉r❡♠❡♥ts ✭❢♦r ❡①❛♠♣❧❡ ✵✳✹✺ ❡❱ ✐♥ s♣✉tt❡r❡❞ ▼♦❖x ❢r♦♠ ▲❊❊▼
❛♥❞ ✵✳✹✻ ❡❱ ❢r♦♠ ❯P❙✱ ❝♦♠♣❛r✐♥❣ ✶✵✵✲✶✺✵➦❈ ❛♥❞ ✸✺✵➦❈ ❤❡❛t❡❞ s❛♠♣❧❡s✮✳ ❚❤❡②
✐♥❞✐❝❛t❡ ❛♥ ❡✈♦❧✉t✐♦♥ ♦❢ ♦①✐❞❡ ♣r♦♣❡rt✐❡s ❞✉❡ t♦ t❤❡r♠❛❧ tr❡❛t♠❡♥t✳
✺✳✶✳✹ ❈♦♥❝❧✉s✐♦♥ ♦♥ ▼♦❖x
❚❤❡ ❡♥s❡♠❜❧❡ ♦❢ ❡①♣❡r✐♠❡♥t❛❧ t❡❝❤♥✐q✉❡s ✉s❡❞ t♦ ❝❤❛r❛❝t❡r✐③❡ ▼♦❖x s❛♠♣❧❡s r❡✲
✈❡❛❧s ❛♥ ✐♠♣♦rt❛♥t ❞✐✛❡r❡♥❝❡ ❜❡t✇❡❡♥ ❝♦♠♣♦✉♥❞s ❛❝❝♦r❞✐♥❣ t♦ t❤❡✐r ❣r♦✇t❤ s✉❜str❛t❡✳
❈❤❛♣t❡r ✺✳ ❘❡s✉❧ts ❛♥❞ ❞✐s❝✉ss✐♦♥ ✺✾
❲❤❡r❡❛s✱ ❞✉r✐♥❣ ❛♥♥❡❛❧✐♥❣ ♦♥ s✐❧✐❝♦♥✱ ❣r❛✐♥ str✉❝t✉r❡s ❛♥❞ ❝♦rr❡s♣♦♥❞✐♥❣ s✉r❢❛❝❡ ♣♦✲
t❡♥t✐❛❧ ❝♦♥tr❛st ✭❑P❋▼✮ ❞❡✈❡❧♦♣ ♦♥ t❤❡ s✉r❢❛❝❡✱ ■❚❖✲❞❡♣♦s✐t❡❞ ▼♦❖x ♣r♦✈❡s t♦ ❤❛✈❡ ❛
❣r❡❛t❡r t❤❡r♠❛❧ st❛❜✐❧✐t② ✐♥ t♦♣♦❣r❛♣❤② ❛♥❞ ♣♦t❡♥t✐❛❧ ♠❡❛s✉r❡♠❡♥ts✳ ❚❤✐s ✐s ❝♦♥✜r♠❡❞
❜② ❳P❊❊▼✱ ✇❤✐❝❤ ❞✐❞ ♥♦t r❡✈❡❛❧ ❛♥② ❝r②st❛❧❧✐t❡s ✇✐t❤ ❞✐✛❡r❡♥t ❡♠✐ss✐♦♥ ♣r♦♣❡rt✐❡s✱ ❛♥❞
❜② ▲❊❊▼✱ ✇❤✐❝❤ ❣❛✈❡ ❛❝❝❡ss t♦ q✉❛♥t✐t❛t✐✈❡ ✇♦r❦ ❢✉♥❝t✐♦♥ ❞❛t❛ ❢♦r ❞✐✛❡r❡♥t s✉r❢❛❝❡
s✐t❡s✳ ❳P❙ ❛♥❞ ❯P❙ r❡s✉❧ts ❛r❡ ❝♦♠♣❛t✐❜❧❡ ✇✐t❤ t❤❡ ▲❊❊▼ ♦♥❡s ❛♥❞ ❤✐❣❤❧✐❣❤t ✇♦r❦
❢✉♥❝t✐♦♥ ✐♥❝r❡❛s❡✱ r❡❞✉❝t✐♦♥ ♦❢ ♦①✐❞❛t✐♦♥ ❞❡❣r❡❡ ❛♥❞ ❞❡❢❡❝t st❛t❡ r✐s❡ ❞✉r✐♥❣ ❛♥♥❡❛❧✐♥❣✱
✐♥ ❧✐♥❡ ✇✐t❤ ♣r❡✈✐♦✉s r❡s❡❛r❝❤[✺][✻]✳
■t ✐s ❤♦✇❡✈❡r ✐♠♣♦rt❛♥t t♦ ❞✐s❝✉ss ✐♥ ♠♦r❡ ❞❡t❛✐❧ P❤♦t♦❡♠✐ss✐♦♥ ❙♣❡❝tr♦s❝♦♣② r❡s✉❧ts✱
s✐♥❝❡ t❤❡ ❞❡♠♦♥str❛t✐♦♥ ♦❢ ♦①✐❞❡ r❡❞✉❝t✐♦♥ ❛♣♣❡❛rs t♦ ❜❡ ✐♥❝♦♠♣❛t✐❜❧❡ ✇✐t❤ ✇♦r❦ ❢✉♥❝t✐♦♥
❛♥❞ ♦①②❣❡♥ ♣r♦♣♦rt✐♦♥ r✐s❡✳ ■♥ ❢❛❝t✱ ❛s ♣r♦♣♦s❡❞ ❜② ●r❡✐♥❡r✬s ♠♦❞❡❧[✷]✱ ❲❋ s❤♦✉❧❞
❞❡❝r❡❛s❡ ✇✐t❤ ❖✲❞❡✜❝✐❡♥❝② ❢♦r ❡❧❡❝tr♦♥❡❣❛t✐✈✐t② ❛♥❞ ❞♦♥♦r ❝♦♥❝❡♥tr❛t✐♦♥ ❝♦♥s✐❞❡r❛t✐♦♥s✱
✇✐t❤ ❛♥ ✐♥✐t✐❛❧ st❡❡♣ ❧♦❣❛r✐t❤♠✐❝ ❞r♦♣ ❢♦r ♥❡❛r❧② st♦✐❝❤✐♦♠❡tr✐❝ ❝♦♠♣♦✉♥❞s ❛♥❞ ❛ ❢♦❧❧♦✇✐♥❣
❧✐♥❡❛r tr❡♥❞✳ ❊①♣❡r✐♠❡♥t❛❧ ❞❛t❛ ♣r❡s❡♥t❡❞ ✐♥ r❡❢✳ ❬✷✺❪ ❛♥❞ ✈✐s✐❜❧❡ ✐♥ ✜❣✉r❡ ✺✳✶✻❝ ❝❛♥ ❜❡
r❡❣❛r❞❡❞ ❛s ❛ ♣r♦♦❢ ♦❢ t❤✐s ❢❛❝t✱ ❡✈❡♥ ✐❢ ♦♥❧② ✐♥ t❤❡ ❧✐♥❡❛r r❡❣✐♠❡✱ s✐♥❝❡ t❤❡ ❧♦❣❛r✐t❤♠✐❝ ♦♥❡
✐s ♣r♦❜❛❜❧② ✈❡r✐✜❡❞ ❢♦r t✐♥② ❞❡❣r❡❡s ♦❢ ♥♦♥✲st♦✐❝❤✐♦♠❡tr②[✷]✳ ❊✈❡♥ ✐❢ ✐t ✇❛s ♥♦t ♣♦ss✐❜❧❡
t♦ ❛♥❛❧②t✐❝❛❧❧② ✈❡r✐❢② t❤❡ ❛❣r❡❡♠❡♥t ❜❡t✇❡❡♥ ♦✉r r❡s✉❧ts ❛♥❞ ♠♦❞❡❧ ❡q✉❛t✐♦♥ ✭✷✳✾✮ ❞✉❡ t♦
❛ ❣r❡❛t st❛t✐st✐❝❛❧ ❞✐s♣❡rs✐♦♥ ✐♥ ❛ ❧✐♠✐t❡❞ q✉❛♥t✐t② ♦❢ ♠❡❛s✉r❡♠❡♥ts ✲ ❥✉st t❤r❡❡ ♦r ❢♦✉r
❢♦r ❡✈❡r② s❛♠♣❧❡✱ ❣r❛♣❤s ✐♥ ✜❣✉r❡s ✺✳✶✻❛ ❛♥❞ ✺✳✶✻❜ ❝♦♥✜r♠ t❤❡ ❞✐r❡❝t ♣r♦♣♦rt✐♦♥❛❧✐t②
❜❡t✇❡❡♥ ❖✿▼♦ r❛t✐♦ ❛♥❞ ♠♦❧②❜❞❡♥✉♠ ♦①✐❞❡ ✇♦r❦ ❢✉♥❝t✐♦♥✳
❆t t❤❡ s❛♠❡ t✐♠❡✱ t❤❡ s✐♠✉❧t❛♥❡♦✉s ✈❡r✐✜❝❛t✐♦♥ ♦❢ ♦①✐❞❛t✐♦♥ st❛t❡ ❞❡❝r❡❛s❡ ❛♥❞ ✜❧❧✐♥❣
♦❢ ✐♥tr❛✲❣❛♣ st❛t❡s ❞✉❡ t♦ ❖✲✈❛❝❛♥❝✐❡s ❝❛♥ ❜❡ ❝♦♠♣❛t✐❜❧❡ ✇✐t❤ ❲❋ ❛♥❞ ❖✿▼♦ ❣r♦✇t❤
✐❢ ✇❡ t❛❦❡ ✐♥t♦ ❝♦♥s✐❞❡r❛t✐♦♥ ❍✐❣❤✲❘❡s♦❧✉t✐♦♥ ❚❊▼ ❛♥❞ ▲❊❊▼ ❞❛t❛ ♦❢ ♣r❡✈✐♦✉s st✉❞✐❡s
✐❧❧✉str❛t❡❞ ✐♥ s❡❝t✐♦♥ ✷✳✷[✻]✳ ■♥ ❢❛❝t✱ t♦❣❡t❤❡r ✇✐t❤ t❤❡ ❡❧✐♠✐♥❛t✐♦♥ ♦❢ ❝❛r❜♦♥ ❝♦♥t❛♠✐✲
♥❛t✐♦♥ ❛♥❞ ✐ts s❝r❡❡♥✐♥❣ ❡✛❡❝t ♦♥ ❖✶s ♣❤♦t♦❡❧❡❝tr♦♥ s♦ t❤❛t ♦①②❣❡♥ ♣r❡s❡♥❝❡ ✐s ♠♦r❡
❡❛s✐❧② r❡✈❡❛❧❡❞ ❜② ❳P❙ ❛t ❤✐❣❤❡r t❡♠♣❡r❛t✉r❡s✱ ❛ ♣♦ss✐❜❧❡ ❡①♣❧❛♥❛t♦r② ❤②♣♦t❤❡s✐s ✐s t❤❛t
r❡♦r❣❛♥✐③❛t✐♦♥ ♦❢ ♦①✐❞❡ str✉❝t✉r❡ t❛❦❡s ♣❧❛❝❡ ❞✉r✐♥❣ ❛♥♥❡❛❧✐♥❣✳ ❚❤✐s ✐s s✉♣♣♦s❡❞ t♦ r❡s✉❧t
✐♥ ❛ ♥❡❛r❧② st♦✐❝❤✐♦♠❡tr✐❝ ✭❛♥❞ ❡✈❡♥t✉❛❧❧② s✉♣❡r♦①✐❞✐③❡❞ ▼♦❖x ✇✐t❤ x❃✸✮ s✉❜str❛t❡ ✇✐t❤
❤✐❣❤ ❞❡❣r❡❡ ♦❢ ❝r②st❛❧❧✐♥✐t② ❛♥❞ ❡❧❡✈❛t❡❞ ✇♦r❦ ❢✉♥❝t✐♦♥ ❛♥❞ ❛♥ ❡♥s❡♠❜❧❡ ♦❢ s✉❜st♦✐❝❤✐♦✲
♠❡tr✐❝ s✉r❢❛❝❡ ❣r❛✐♥s ✇✐t❤ ❛ r❛♥❣❡ ♦❢ ✇♦r❦ ❢✉♥❝t✐♦♥s✱ ❧♦✇❡r t❤❛♥ ▼♦❖3 ❛❝❝♦r❞✐♥❣ t♦ t❤❡
t❤❡♦r②✳ ❚❤❡r❡❢♦r❡✱ ✐t ✐s ♥♦t ✐♥❝♦♥s✐st❡♥t ✇✐t❤ ❡①♣❡❝t❛t✐♦♥s t❤❛t ❳P❙ ❛♥❞ ❯P❙ r❡✈❡❛❧ t❤❡
✐♥❝r❡❛s❡ ♦❢ ▼♦ ✐♦♥s ✇✐t❤ r❡❞✉❝❡❞ ♦①✐❞❛t✐♦♥ ❞❡❣r❡❡ ✭▼♦5+ ❛♥❞ ▼♦4+✮ ❛♥❞ t❤❡ ❛♣♣❡❛r❛♥❝❡
♦❢ ❛ ❞❡❢❡❝t ❜❛♥❞ ♥❡❛r t❤❡ ❜♦tt♦♠ ♦❢ ❈❇ ✲ ❞❡♣❡♥❞✐♥❣ ♦♥ s✉r❢❛❝❡ ❧❛②❡r ✲ t♦❣❡t❤❡r ✇✐t❤
❛♥ ♦✈❡r❛❧❧ r✐s❡ ♦❢ ❖✿▼♦ r❛t✐♦ ❛♥❞ ❲❋ ✲ ❛ ❣❧♦❜❛❧ ♣r♦♣❡rt② ❞❡♣❡♥❞✐♥❣ ♠❛✐♥❧② ♦♥ t❤❡ ❜✉❧❦
s✉❜str❛t❡✳ ■♥ ❢❛❝t✱ P❤♦t♦❡♠✐ss✐♦♥ ♠❡❛s✉r❡♠❡♥ts ✇❡r❡ ♣❡r❢♦r♠❡❞ ❜② ♠❡❛♥s ♦❢ ❯❧tr❛✈✐✲
♦❧❡t ♣❤♦t♦♥s ♦❢ ✷✶✳✷✷ ❡❱ ❛♥❞ ✶✹✽✻✳✼✵ ❡❱ ❳✲r❛② ❧✐❣❤t✱ ✇✐t❤ r❡s♣❡❝t✐✈❡ ♣r♦❜✐♥❣ ❞❡♣t❤s ✲
❧❛②❡r t❤✐❝❦♥❡ss❡s ♣r♦✈✐❞✐♥❣ ✾✺✪ ♦❢ t❤❡ ♦✈❡r❛❧❧ s✐❣♥❛❧ ✲ ♦❢ ❛r♦✉♥❞ ✶✺ ❛♥❞ ✼✺ ➴[✷✾]✳ ❚❤✐s
♠❡❛♥s t❤❛t ❜♦t❤ s✉r❢❛❝❡ ❛♠♦r♣❤♦✉s ❛♥❞ ❜✉❧❦ ❝r②st❛❧❧✐♥❡ ♣❤❛s❡ ❝♦✉❧❞ ❜❡ ❛♥❛❧②③❡❞✱ s✐♥❝❡
s✉❜st♦✐❝❤✐♦♠❡tr✐❝ ❣r❛✐♥s ✐♥✈♦❧✈❡ t❤❡ ✜rst ✹✵ ➴ ❛❝❝♦r❞✐♥❣ t♦ r❡❢✳ ❬✻❪✱ ❜✉t t❤❡② ❛r❡ ♥♦t
❤♦♠♦❣❡♥❡♦✉s ♦♥ t❤❡ ✇❤♦❧❡ s❛♠♣❧❡ ❛♥❞ ❞♦ ♥♦t ❝♦♠♣❧❡t❡❧② ❝♦✈❡r ✐t✳
■❢ t❤✐s ✐♥t❡r♣r❡t❛t✐♦♥ ✐s ❝♦rr❡❝t✱ ✐t ✐s ❡①♣❡❝t❡❞ t♦ ❞✐st✐♥❣✉✐s❤ ♦♥ ▲❊❊▼ ♠❛♣s ❞✐✛❡r❡♥t
r❡❣✐♦♥s ✇✐t❤ ❤✐❣❤❡r ❛♥❞ ❧♦✇❡r ✇♦r❦ ❢✉♥❝t✐♦♥s✱ ✐♥ ❛❣r❡❡♠❡♥t ✇✐t❤ r❡s✉❧ts ♦❢ ♣r❡✈✐♦✉s
r❡s❡❛r❝❤ ✭❛s s❤♦✇♥✱ ❢♦r ❡①❛♠♣❧❡✱ ✐♥ ✜❣✉r❡ ✷✳✷✮✳ ❚❤❡ ❢❛❝t t❤❛t✱ ♦♥ t❤❡ ❝♦♥tr❛r②✱ ▲♦✇
❊♥❡r❣② ❊❧❡❝tr♦♥ ▼✐❝r♦s❝♦♣② ♣❡r❢♦r♠❡❞ ❛t ❙❖▲❊■▲ ❞✐❞ ♥♦t r❡✈❡❛❧ ❛♥② r❡❧❡✈❛♥t ❣r❛✐♥
str✉❝t✉r❡ ❝♦✉❧❞ ❜❡ ❤♦✇❡✈❡r ❞✉❡ t♦ ❛ ♣♦♦r ✐♥str✉♠❡♥t❛❧ r❡s♦❧✉t✐♦♥ ✭❛r♦✉♥❞ ❛ ❤✉♥❞r❡❞ ♦❢
♥❛♥♦♠❡t❡rs✱ ❝♦♠♣❛r❛❜❧❡ t♦ t❤❡ ❡①t❡♥s✐♦♥ ♦❢ ❡①♣❡❝t❡❞ ❞♦♠❛✐♥s ✇✐t❤ ❞✐✛❡r❡♥t ❲❋[✺][✻]✮✳
❆♥♦t❤❡r ❡❧❡♠❡♥t ✇❤✐❝❤ s❡❡♠s t♦ ❜❡ ✐♥ ❞✐s❛❣r❡❡♠❡♥t ✇✐t❤ t❤✐s ❡①♣❧❛♥❛t✐♦♥ ✐s t❤❡ ✐♥❝r❡❛s❡
♦❢ ♣❡❛❦ ❜r♦❛❞❡♥✐♥❣ ✭❢✇❤♠✮ ✇✐t❤ ❛♥♥❡❛❧✐♥❣ t❡♠♣❡r❛t✉r❡✱ ❛ ♣r♦♦❢ ♦❢ ❞❡t❡r✐♦r❛t❡❞ str✉❝t✉r❛❧
✻✵
♦r❞❡r ✐♥ t❤❡ ❧❛②❡r✱ ❡✈❡♥ ✐t ✐s ♥♦t ✐♥❝♦♠♣❛t✐❜❧❡ ✇✐t❤ ❛ ❤✐❣❤✲q✉❛❧✐t② ❝r②st❛❧❧✐♥❡ s✉❜str❛t❡
❝♦✈❡r❡❞ ✇✐t❤ ❛♠♦r♣❤♦✉s✲❧✐❦❡ s✉r❢❛❝❡ ❣r❛✐♥s✳
❚❤❡ t❡❝❤♥✐q✉❡s ❛❧s♦ ✐♥✈❡st✐❣❛t❡❞ ❯❱ ❡✛❡❝ts ♦♥ t❤❡ ♦①✐❞❡ ❛♥❞ ❞❡♠♦♥str❛t❡❞ t❤❡ ❜❡❛♠✲
❝❛✉s❡❞ r❡❞✉❝t✐♦♥ ✲ ♣❤♦t♦♥ ❡♥❡r❣② tr✐❣❣❡rs t❤❡ ❝r❡❛t✐♦♥ ♦❢ ♦①②❣❡♥ ✈❛❝❛♥❝✐❡s ✲ ❛♥❞ ❛ ❣r❡❛t❡r
✐♥✢✉❡♥❝❡ ♦♥ t❤❡r♠❛❧ ❞❡♣♦s✐t❡❞ s❛♠♣❧❡s r❛t❤❡r t❤❛♥ ♦♥ s♣✉tt❡r❡❞ ♦♥❡s✳ ▼♦r❡♦✈❡r✱ t❤❡
r♦❧❡ ♣❧❛②❡❞ ❜② t❤❡ ❛♥♥❡❛❧✐♥❣ ♠❡t❤♦❞ ❡♠❡r❣❡s ❢r♦♠ ❳P❙✴❯P❙ ❞❛t❛✱ s✉❣❣❡st✐♥❣ ❛ ❣r❡❛t❡r
r❡❞✉❝t✐♦♥ ✇❤❡♥ t❤❡ ❤❡❛t✐♥❣ ✐s r❛♣✐❞ ❛♥❞ ♥♦t ❣r❛❞✉❛❧ ❛♥❞ s❧♦✇ ❛s ✐♥ t❤❡ ✐♥ s✐t✉ ♣r♦❝❡❞✉r❡✱
❡✈❡♥ ✐❢ st♦✐❝❤✐♦♠❡tr② ❞✐✛❡r❡♥❝❡s s❤♦✉❧❞ ❜❡ ❝❛r❡❢✉❧❧② ❡①❛♠✐♥❡❞ ❜② ❢✉rt❤❡r r❡s❡❛r❝❤✳ ❆s
❞❡♠♦♥str❛t❡❞✱ ❡❧❡❝tr✐❝❛❧ ♣r♦♣❡rt② ❡✈♦❧✉t✐♦♥ ✇✐t❤ ❤❡❛t✐♥❣ ❞❡♣❡♥❞s ♦♥ t❤❡ s✉❜str❛t❡ ✭❙✐
✈s ■❚❖✮ ❛♥❞ t❤✐s ♣♦✐♥ts ♦✉t t❤❡ ✐♠♣♦rt❛♥❝❡ ♦❢ ♣❡r❢♦r♠✐♥❣ ❝❤❛r❛❝t❡r✐③❛t✐♦♥ ❢♦r ♠❛t❡r✐❛❧s
❡♥❣✐♥❡❡r✐♥❣ ❞✐r❡❝t❧② ♦♥ t❤❡ s❛♠❡ ❝♦♠♣♦✉♥❞ s✉♣♣♦s❡❞ t♦ ❜❡ ❡♠♣❧♦②❡❞ ✐♥ r❡❛❧ ❞❡✈✐❝❡s✱
❜❡❝❛✉s❡ ♦❢ t❤❡ ❣r❡❛t ✐♠♣❛❝t ♦❢ ❞❡♣♦s✐t✐♦♥ ❧❛②❡r ♦♥ ▼♦❖x ❝r②st❛❧❧✐♥❡ r❡❝♦♥str✉❝t✐♦♥ ❞✉r✐♥❣
❛♥♥❡❛❧✐♥❣✳
❋✐♥❛❧❧②✱ t❤❡ ✐♠♣r♦✈❡❞ st❛❜✐❧✐t② ♦❢ s♣✉tt❡r❡❞ ♠♦❧②❜❞❡♥✉♠ ♦①✐❞❡ ✉♥❞❡r ❯❱ ❜❡❛♠ ❡①✲
♣♦s✉r❡ ♣r♦✈✐❞❡s ❛♥ ✐♠♣♦rt❛♥t ✐♥❞✐❝❛t✐♦♥ ✐♥ ♦r❞❡r t♦ ❞❡✈❡❧♦♣ ♠♦r❡ ❡✣❝✐❡♥t ❛♥❞ r❡❧✐❛❜❧❡
♣❤♦t♦✈♦❧t❛✐❝ ❝❡❧❧s✳
✺✳✷ ❚✐t❛♥✐✉♠ ♦①✐❞❡
✺✳✷✳✶ ❆❋▼
Pr♦t♦❝♦❧
■♥ ♦r❞❡r t♦ ✉♥❞❡rst❛♥❞ t❤❡ s✉r❢❛❝❡ str✉❝t✉r❡ ♦❢ ❚✐❖2 s❛♠♣❧❡s ❢♦r ❛ ❝♦♠♣❛r✐s♦♥ ✇✐t❤
♠♦❧②❜❞❡♥✉♠ ♦①✐❞❡✱ s✐♠♣❧❡ ❆❋▼ ♠❡❛s✉r❡♠❡♥ts ✇❡r❡ ♣❡r❢♦r♠❡❞ ❛t t❤❡ ❯♥✐✈❡rs✐t② ♦❢
❙♦✉t❤❡r♥ ❉❡♥♠❛r❦ ❜② ❉r✳ ❆❤♠❛❞♣♦✉r ❛♥❞ ❛♥❛❧②③❡❞ ❛t ■◆❙P✳ ❙♣✉tt❡r❡❞ ❚✐❖2 ♦♥ ■❚❖
s❛♠♣❧❡s ♣r❡✈✐♦✉s❧② ❛♥❛❧②③❡❞ ❛t ❙❖▲❊■▲ s②♥❝❤r♦tr♦♥ ❢❛❝✐❧✐t② ✇❡r❡ st✉❞✐❡❞✿ ✷✶✺➦❈ ❛♥❞
✸✻✵➦❈ ❛♥♥❡❛❧❡❞ ✐♥s✐❞❡ t❤❡ ❜❡❛♠❧✐♥❡ ♣r❡♣❛r❛t✐♦♥ ❝❤❛♠❜❡r ❛♥❞ ❤✐❣❤ t❡♠♣❡r❛t✉r❡ ❞❡♣♦s✐t❡❞
❛t ✸✺✺➦❈✱ ❛s ❡①♣❧❛✐♥❡❞ ❜❡❧♦✇ ✐♥ s❡❝t✐♦♥ ✺✳✷✳✸✳
●r❛✐♥ ❞✐♠❡♥s✐♦♥s ✇❡r❡ ❡①tr❛❝t❡❞ ✇✐t❤ t❤❡ s❛♠❡ ♠❡t❤♦❞ ❡①♣❧❛✐♥❡❞ ✐♥ s❡❝t✐♦♥ ✺✳✶✳✶✱
✇❤✐❧❡ ❢♦r r♦✉❣❤♥❡ss t❤❡ ❞✐✛❡r❡♥❝❡ ❜❡t✇❡❡♥ t❤❡ ♠✐♥✐♠✉♠ ❛♥❞ t❤❡ ❛✈❡r❛❣❡ s✉r❢❛❝❡ ❤❡✐❣❤t
❝❛❧❝✉❧❛t❡❞ ❜② ●✇②❞❞✐♦♥ ❛♥❛❧②s✐s s♦❢t✇❛r❡ ✇❛s ❝♦♥s✐❞❡r❡❞✳
❘❡s✉❧ts
❚❤❡ t♦♣♦❣r❛♣❤✐❝❛❧ ♠❛♣s ❛r❡ ✈✐s✐❜❧❡ ✐♥ ✜❣✉r❡ ✺✳✷✶✳ ❚❤❡ t❤r❡❡ s❛♠♣❧❡s ❢❡❛t✉r❡ ❛ s✐♠✐❧❛r
♠♦r♣❤♦❧♦❣② ❛♥❞ ♥♦ s✉r❢❛❝❡ ❡✈♦❧✉t✐♦♥ ✇✐t❤ t❤❡ ❛♥♥❡❛❧✐♥❣ st❛❣❡s ✐s ❡✈✐❞❡♥❝❡❞✳ ●r❛✐♥ s❤❛♣❡
r❡s❡♠❜❧❡s t❤❡ ♦♥❡ ♦❢ ▼♦❖x✴■❚❖ s❛♠♣❧❡s✱ ❛s ❝❛♥ ❜❡ s❡❡♥ ❢r♦♠ ❛ ❝♦♠♣❛r✐s♦♥ ❜❡t✇❡❡♥
✜❣✉r❡s ✺✳✽❞ ❛♥❞ ✺✳✷✶✱ ❢♦r ✐♥st❛♥❝❡✳
❉✐s❝✉ss✐♦♥
❇② ❛ q✉❛♥t✐t❛t✐✈❡ ❛♥❛❧②s✐s ♦❢ ❆❋▼ ✐♠❛❣❡s✱ t❤❡ r❡s✉❧ts s❤♦✇♥ ✐♥ t❛❜❧❡ ✺✳✼ ✇❡r❡ ♦❜✲
t❛✐♥❡❞✳ ❚❤❡ t❤r❡❡ s❛♠♣❧❡s ❤❛✈❡ s✐♠✐❧❛r ❣r❛✐♥ s✐③❡ ❛♥❞ r♦✉❣❤♥❡ss ♣❛r❛♠❡t❡rs ❛♥❞ ♥♦ ❡✛❡❝t
♦❢ t❤❡r♠❛❧ tr❡❛t♠❡♥t ❝❛♥ ❜❡ ♣r♦✈❡❞✳ ❙✐♥❝❡ ❛❧s♦ ▼♦❖x ❞❡♣♦s✐t❡❞ ♦♥ ■❚❖ ❛♣♣❡❛rs ♥♦t t♦
❜❡ ✐♥✢✉❡♥❝❡❞ ❜② ❛♥♥❡❛❧✐♥❣✱ ✐t ✐s ♣r♦❜❛❜❧❡ t❤❛t t❤❡ s✉❜str❛t❡ ♣❧❛②s ❛♥ ✐♠♣♦rt❛♥t r♦❧❡ ✐♥
❞❡t❡r♠✐♥✐♥❣ ♦①✐❞❡ ❜❡❤❛✈✐♦r✳ ❆❧s♦ ✐♥ t❤✐s ❝❛s❡✱ ❛s ❛❧r❡❛❞② ♣♦✐♥t❡❞ ♦✉t ❢♦r ♠♦❧②❜❞❡♥✉♠
♦①✐❞❡✱ ✐t ✐s ✈✐s✐❜❧❡ t❤❛t ❣r❛✐♥ ♠♦r♣❤♦❧♦❣② ❝❧♦s❡❧② r❡s❡♠❜❧❡s t❤❡ ■❚❖ ✉♥❞❡r❧❛②❡r ❛s s❤♦✇♥
✐♥ r❡❢✳ ❬✷✻❪✳
❈❤❛♣t❡r ✺✳ ❘❡s✉❧ts ❛♥❞ ❞✐s❝✉ss✐♦♥ ✻✶
✭❛✮ ▼♦r♣❤♦❧♦❣② ♠❛♣ ♦❢ ✷✶✺➦❈ ❛♥✲
♥❡❛❧❡❞ s♣✉tt❡r❡❞ s❛♠♣❧❡ ✭✶st st❡♣✮❀
❝♦❧♦r s❝❛❧❡ ❢r♦♠ ✹✳✾ ♥♠ ✭❜❧❛❝❦✮ t♦
✷✺✳✹ ♥♠ ✭✇❤✐t❡✮✳
✭❜✮ ▼♦r♣❤♦❧♦❣② ♠❛♣ ♦❢ ✸✻✵➦❈ ❛♥✲
♥❡❛❧❡❞ s♣✉tt❡r❡❞ s❛♠♣❧❡ ✭✷nd st❡♣✮❀
❝♦❧♦r s❝❛❧❡ ❢r♦♠ ✻✳✺ ♥♠ ✭❜❧❛❝❦✮ t♦
✸✵✳✸ ♥♠ ✭✇❤✐t❡✮✳
✭❝✮ ▼♦r♣❤♦❧♦❣② ♠❛♣ ♦❢ ✸✺✺➦❈
s♣✉tt❡r❡❞ s❛♠♣❧❡❀ ❝♦❧♦r s❝❛❧❡ ❢r♦♠
✲✺✼✳✵ ♥♠ ✭❜❧❛❝❦✮ t♦ ✲✸✼✳✺ ♥♠
✭✇❤✐t❡✮✳
❋✐❣✉r❡ ✺✳✷✶✿ ✺ µ♠×✺ µ♠ ❆❋▼ ✐♠❛❣❡s ♦❢ ❚✐❖2 ♦♥ ■❚❖✳
❚✐❖2✴■❚❖ ✭❛♥❛❧②③❡❞ ❜② ❳P❊❊▼✮ ✹✷ ♥♠ ❅ ✷✶✺➦❈ ✹✷ ♥♠ ❅ ✸✻✵➦❈ ✹✺ ♥♠ ✐♥ s✐t✉ ❅ ✸✺✺➦❈
●r❛✐♥ ❞✐❛♠❡t❡r ✭♥♠✮ ✸✽±✾ ✷✺±✽ ✷✺±✺
❆❣❣r❡❣❛t❡ ❞✐❛♠❡t❡r ✭♥♠✮ ✾✼±✶✼ ✼✻±✶✶ ✶✶✵±✸✵
❘♦✉❣❤♥❡ss ✭♥♠✮ ∼✶✹ ∼✶✼ ∼✶✼
❚❛❜❧❡ ✺✳✼✿ ▼♦r♣❤♦❧♦❣✐❝❛❧ ♣❛r❛♠❡t❡rs ♠❡❛s✉r❡❞ ❜② ❆❋▼ ♦♥ ❚✐❖2✴■❚❖✳
✻✷
✭❛✮ ❘❛✇ s❛♠♣❧❡ ♦❢ t✐t❛♥✐✉♠ ♦①✐❞❡✳ ✭❜✮ ❙❛♠♣❧❡ ♦❢ t✐t❛♥✐✉♠ ♦①✐❞❡ ❛❢t❡r ❛♥✲
♥❡❛❧✐♥❣ ❛t ✷✺✵➦❈ ✐♥ t❤❡ ❳P❙ ✈❛❝✉✉♠
❝❤❛♠❜❡r✳
❋✐❣✉r❡ ✺✳✷✷✿ P❡❛❦s ♦❢ ❚✐✷♣ ❢♦r ❚✐❖2 s❛♠♣❧❡ s♣✉tt❡r❡❞ ❛t ✸✺✺➦❈✱ ✐♥ ♣❛rt✐❝✉❧❛r ❚✐✷♣1/2
❛t ❤✐❣❤❡r ❛♥❞ ❚✐✷♣3/2 ❛t ❧♦✇❡r ❜✐♥❞✐♥❣ ❡♥❡r❣✐❡s✱ r❡s♣❡❝t✐✈❡❧②✳ ■♥t❡♥s✐t② ✐s ❡①♣r❡ss❡❞ ✐♥
❝♦✉♥ts ♣❡r s❡❝♦♥❞✳
✺✳✷✳✷ ❳P❙✴❯P❙
Pr♦t♦❝♦❧
❳P❙ ❛♥❞ ❯P❙ ♠❡❛s✉r❡♠❡♥ts ✇❡r❡ ♣❡r❢♦r♠❡❞ ❛t ▲❘❙ ✇✐t❤ t❤❡ s❛♠❡ ♠❡t❤♦❞ ❡①♣❧❛✐♥❡❞
✐♥ s❡❝t✐♦♥ ✺✳✶✳✷ ❢♦r ▼♦❖x✳ ❆♥❛❧②③❡❞ s❛♠♣❧❡s ❝♦♥t❡♠♣❧❛t❡❞ ❚✐❖2 s♣✉tt❡r❡❞ ❜♦t❤ ❛t r♦♦♠
t❡♠♣❡r❛t✉r❡ ❛♥❞ ❛t ✸✺✺➦❈✱ ✇❤❡r❡❛s ✐♥s✐❞❡ ❳P❙ ✈❛❝✉✉♠ ❝❤❛♠❜❡r ❛ s♦❢t ❛♥♥❡❛❧✐♥❣ ❛t
✷✺✵➦❈ ✇❛s ♣❡r❢♦r♠❡❞ t♦ ❡❧✐♠✐♥❛t❡ s✉r❢❛❝❡ ❝♦♥t❛♠✐♥❛t✐♦♥✳
❳P❙ ♦✈❡r✈✐❡✇✱ ❚✐✷♣ ❛♥❞ ❖✶s s♣❡❝tr❛ ✇❡r❡ ❛❝q✉✐r❡❞✱ ❛s ✇❡❧❧ ❛s ❯P❙ ✈❛❧❡♥❝❡ ❜❛♥❞ ❛♥❞
s❡❝♦♥❞❛r② ❡❧❡❝tr♦♥ ❝✉t♦✛ s❝❛♥s✳
❘❡s✉❧ts
■♥ ✜❣✉r❡ ✺✳✷✷ ❡①❛♠♣❧❡s ♦❢ ❚✐✷♣ ♣❡❛❦s ❛r❡ ✈✐s✐❜❧❡ ✐♥ t❤❡ ❝❛s❡ ♦❢ ✸✺✺➦❈ ❞❡♣♦s✐t❡❞ ♦①✐❞❡
❜❡❢♦r❡ ❛♥❞ ❛❢t❡r ❛♥♥❡❛❧✐♥❣ ❛t ✷✺✵➦❈✳ P❡❛❦ ♣♦s✐t✐♦♥s ✇❡r❡ ✐❞❡♥t✐✜❡❞ ❛t ✺✸✵✳✻ ❡❱ ❢♦r ❖✶s✱
✹✻✺✳✵ ❡❱ ❢♦r ❚✐✷♣1/2 ❛♥❞ ✹✺✾✳✸ ❡❱ ❢♦r ❚✐✷♣3/2✱ ✇❤✐❝❤ ❞✐❞ ♥♦t ❝❤❛♥❣❡ ❛❢t❡r ✷✺✵➦❈ tr❡❛t♠❡♥t✳
❙✐♠✐❧❛r s♣❡❝tr❛ ❛♥❞ ❜✐♥❞✐♥❣ ❡♥❡r❣✐❡s ✇❡r❡ ♦❜t❛✐♥❡❞ ❢♦r t❤❡ s❛♠❡ ♦①✐❞❡ s♣✉tt❡r❡❞ ❛t r♦♦♠
t❡♠♣❡r❛t✉r❡✱ ❛s s✉♠♠❛r✐③❡❞ ✐♥ t❛❜❧❡ ✺✳✽ t♦❣❡t❤❡r ✇✐t❤ ✇♦r❦ ❢✉♥❝t✐♦♥✱ ✈❛❧❡♥❝❡ ❜❛♥❞ ❡❞❣❡
❡♥❡r❣② ❛♥❞ ❖✿❚✐ r❛t✐♦ ♦❢ t❤❡ ❛♥❛❧②③❡❞ s❛♠♣❧❡s✳
❉✐s❝✉ss✐♦♥
P❤♦t♦❡♠✐ss✐♦♥ ❙♣❡❝tr♦s❝♦♣② ❞❛t❛✱ ❛s r❡♣♦rt❡❞ ✐♥ t❛❜❧❡ ✺✳✽✱ r❡✈❡❛❧ ❛ s❧✐❣❤t ✐♥❝r❡❛s❡ ♦❢
✵✳✸✲✵✳✹ ❡❱ ✐♥ ✇♦r❦ ❢✉♥❝t✐♦♥ ❛❢t❡r ❤❡❛t✐♥❣ ❛t ✷✺✵➦❈✱ ♣r♦❜❛❜❧② ❞✉❡ t♦ ❞❡s♦r♣t✐♦♥ ♦❢ s✉r❢❛❝❡
❝♦♥t❛♠✐♥❛♥ts✳ ❆t t❤❡ s❛♠❡ t✐♠❡✱ ♥♦ r♦❧❡ s❡❡♠s t♦ ❜❡ ♣❧❛②❡❞ ❜② ♣r❡♣❛r❛t✐♦♥ ♣r♦❝❡❞✉r❡✱
s✐♥❝❡ ❚✐❖2 s❛♠♣❧❡s s♣✉tt❡r❡❞ ❜♦t❤ ❛t r♦♦♠ ❛♥❞ ❛t ❡❧❡✈❛t❡❞ t❡♠♣❡r❛t✉r❡ s❤♦✇ t❤❡ s❛♠❡
✇♦r❦ ❢✉♥❝t✐♦♥✱ ✈❛❧❡♥❝❡ ❜❛♥❞ ♣♦s✐t✐♦♥ ❛♥❞ ❲❋ ❡✈♦❧✉t✐♦♥ ✇✐t❤ ❤❡❛t✐♥❣✳ ❆❧s♦ ♦①②❣❡♥ ❛♥❞
t✐t❛♥✐✉♠ ❜✐♥❞✐♥❣ ❡♥❡r❣✐❡s r❡♠❛✐♥ ✉♥❝❤❛♥❣❡❞ ✇✐t❤✐♥ ❳P❙ r❡s♦❧✉t✐♦♥ ❜❡❢♦r❡ ❛♥❞ ❛❢t❡r s♦❢t
❛♥♥❡❛❧✐♥❣ ❛♥❞ r❡❣❛r❞❧❡ss ♦❢ t❤❡ ❞❡♣♦s✐t✐♦♥ ♠❡t❤♦❞✳
❆s ❢♦r ♦①✐❞❡ st♦✐❝❤✐♦♠❡tr②✱ ✐t ❝♦✉❧❞ ❜❡ r❡❣❛r❞❡❞ ❛s st❛❜❧❡ ❛r♦✉♥❞ ❛♥ ❖✿❚✐ r❛t✐♦ ♦❢
✷✳✺ ❢♦r ❞✐✛❡r❡♥t s②♥t❤❡s✐s t❡❝❤♥✐q✉❡s ❛♥❞ ❤❡❛t✐♥❣ t❡♠♣❡r❛t✉r❡s✱ ❡✈❡♥ ✐❢ ✐t ❝❛♥ ❜❡ ❛r❣✉❡❞
❈❤❛♣t❡r ✺✳ ❘❡s✉❧ts ❛♥❞ ❞✐s❝✉ss✐♦♥ ✻✸
❙❛♠♣❧❡ ❚ ✭➦❈✮ ❲❋ ✭❡❱✮ ❱❇ ✭❡❱✮ ❖✶s ✭❡❱✮ ❚✐✷♣1/2 ✭❡❱✮ ❚✐✷♣3/2 ✭❡❱✮ ❖✿❚✐
❙♣✉tt✳ ❘❚ r❛✇ ✸✳✽ ✺✸✵✳✼ ✹✻✹✳✽ ✹✺✾✳✶ ✷✳✺✺
✷✺✵ ✹✳✷ ✸✳✺ ✺✸✵✳✺ ✹✻✹✳✼ ✹✺✾✳✵ ✷✳✸
❙♣✉tt✳ ✸✺✺➦❈ r❛✇ ✸✳✾ ✺✸✵✳✻ ✹✻✺✳✵ ✹✺✾✳✸ ✷✳✺
✷✺✵ ✹✳✷ ✸✳✷ ✺✸✵✳✻ ✹✻✺✳✵ ✹✺✾✳✸ ✷✳✺
❚❛❜❧❡ ✺✳✽✿ ❊①♣❡r✐♠❡♥t❛❧ r❡s✉❧ts ❢♦r ❚✐❖2 s❛♠♣❧❡s ❛♥❛❧②③❡❞ ❜② ❳P❙✴❯P❙✳ ❲♦r❦ ❢✉♥❝t✐♦♥s✱
✈❛❧❡♥❝❡ ❜❛♥❞ ♣♦s✐t✐♦♥s✱ ♦①②❣❡♥ ❛♥❞ t✐t❛♥✐✉♠ ♣❡❛❦ ❜✐♥❞✐♥❣ ❡♥❡r❣✐❡s ❛♥❞ ❖✿❚✐ r❛t✐♦ ❛r❡
s❤♦✇♥ ❜❡❢♦r❡ ❛♥❞ ❛❢t❡r t❤❡ s♦❢t ❛♥♥❡❛❧✐♥❣ tr❡❛t♠❡♥t✳
t❤❛t ❢♦r s♣✉tt❡r✐♥❣ ❛t r♦♦♠ t❡♠♣❡r❛t✉r❡ r❡❞✉❝t✐♦♥ t❛❦❡s ♣❧❛❝❡ ❛❢t❡r ✷✺✵➦❈ tr❡❛t♠❡♥t
✭❖✿❚✐ r❛t✐♦ ❞r♦♣s t♦ ✷✳✸✮✳ ❚❤✐s ✐s ❛ ♣♦ss✐❜❧❡ ❤✐♥t ♦❢ ❛ ❜❡tt❡r ❝❤❡♠✐❝❛❧ st❛❜✐❧✐t② ♦❢ t❤❡
♠❛t❡r✐❛❧ ✇❤❡♥ ♣r❡♣❛r❡❞ ✉♥❞❡r ❤❡❛t✐♥❣ ✭❛t ✸✺✺➦❈✮✱ ❜✉t t❤❡ ♦①②❣❡♥ ♣r♦♣♦rt✐♦♥ ❝❤❛♥❣❡ ✐s
s❧✐❣❤t ❛♥❞ ✐t ❝♦✉❧❞ ❜❡ r❡❧❛t❡❞ t♦ ❝♦♥t❛♠✐♥❛♥t ❞❡s♦r♣t✐♦♥ ✲ ❛❧s♦ ✇❛t❡r ♠♦❧❡❝✉❧❡s ❛♥❞ ♦t❤❡r
❖✲❝♦♠♣♦✉♥❞s ❛r❡ ♣r❡s❡♥t ♦♥ t❤❡ s✉r❢❛❝❡ ❜❡❢♦r❡ s♦❢t ❛♥♥❡❛❧✐♥❣✳
❆ ❞✐✛❡r❡♥t ❡①♣❡r✐♠❡♥t❛❧ t❡❝❤♥✐q✉❡ ✐s t❤❡r❡❢♦r❡ ♥❡❡❞❡❞ t♦ ❣❡t ❛ ❞❡❡♣❡r ❝♦♠♣r❡❤❡♥s✐♦♥
♦❢ ❝❤❡♠✐❝❛❧ ❛♥❞ ❡❧❡❝tr✐❝❛❧ ♣r♦♣❡rt✐❡s ♦❢ t❤❡ ♠❛t❡r✐❛❧✿ ✐♥ t❤✐s ❝♦♥t❡①t ❘❛♠❛♥✱ ■♥❢r❛r❡❞ ♦r
❳✲r❛② ❆❜s♦r♣t✐♦♥ ❙♣❡❝tr♦s❝♦♣② ♠❡❛s✉r❡♠❡♥ts ❝❛♥ ❜❡ ❤❡❧♣❢✉❧ s✐♥❝❡ t❤❡② ❛❧❧♦✇ t♦ r❡❝♦❣♥✐③❡
❝r②st❛❧❧✐♥❡ ♣❤❛s❡ ✐♥ t✐t❛♥✐✉♠ ♦①✐❞❡s ❧✐❦❡ ❛♥❛t❛s❡ ❛♥❞ r✉t✐❧❡✳
✺✳✷✳✸ ▲❊❊▼✴❳P❊❊▼✴❳❆❙
Pr♦t♦❝♦❧
❚❤❡∼✹✺ ♥♠ t❤✐❝❦ t✐t❛♥✐✉♠ ♦①✐❞❡ s❛♠♣❧❡s ♦♥ ■❚❖ ❛♥❛❧②③❡❞ ❜② s②♥❝❤r♦tr♦♥ t❡❝❤♥✐q✉❡s
❛r❡ ❧✐st❡❞ ❜❡❧♦✇✿
✶✳ s♣✉tt❡r❡❞ ❚✐❖2 tr❡❛t❡❞ ❜② ♦♥❡✲st❡♣ ❛♥♥❡❛❧✐♥❣ ❛t ✸✻✵➦❈❀
✷✳ s♣✉tt❡r❡❞ ❚✐❖2 tr❡❛t❡❞ ❜② t✇♦✲st❡♣ ❛♥♥❡❛❧✐♥❣ ❛t ✷✶✺➦❈ ❛♥❞ ✸✻✵➦❈❀
✸✳ s♣✉tt❡r❡❞ ❚✐❖2 ❞❡♣♦s✐t❡❞ ❛t ✸✺✺➦❈✳
■♥ ❛ s✐♠✐❧❛r ✇❛② t♦ ▼♦❖x✱ t❤❡② ✉♥❞❡r✇❡♥t ❤❡❛t✐♥❣ ❛t ❚ ∼ ✶✸✵➦❈ t♦ ❢r❡❡ t❤❡ s✉r❢❛❝❡
❢r♦♠ ❝♦♥t❛♠✐♥❛♥ts✳ ❆ ❝♦♥st❛♥t ❛♠♦✉♥t ♦❢ ♦①②❣❡♥ ✐♥ t❤❡ ❝❤❛♠❜❡r ✇❛s ♥❡❡❞❡❞ ✐♥ ♦r❞❡r
t♦ ♣r❡s❡r✈❡ ❚✐❖2 st♦✐❝❤✐♦♠❡tr② ❛♥❞ ❛✈♦✐❞ s✉❜st❛♥t✐❛❧ ❝❤❛♥❣❡s ✐♥ ♦①✐❞❛t✐♦♥ st❛t❡ ♦❢ t❤❡
♠❛t❡r✐❛❧✳ ❆♥ ❖2 ♣r❡ss✉r❡ ❜❡t✇❡❡♥ ✶×✶✵−8 ❛♥❞ ✸×✶✵−8 ❚♦rr ✇❛s t❤❡r❡❢♦r❡ ♠❛✐♥t❛✐♥❡❞
❡✈❡♥ ❞✉r✐♥❣ ❤❡❛t✐♥❣✳
▲❊❊▼ t❡❝❤♥✐q✉❡ ✇❛s ❡♠♣❧♦②❡❞ t♦ ✐♥✈❡st✐❣❛t❡ t❤❡ s❛♠♣❧❡s ❛♥❞ t❤❡✐r ❡✈♦❧✉t✐♦♥ ✇✐t❤
❛♥♥❡❛❧✐♥❣ st❛❣❡s ❛♥❞ ❡①tr❛❝t✐♦♥ ♦❢ ✇♦r❦ ❢✉♥❝t✐♦♥s ✇❛s ❝❛rr✐❡❞ ♦✉t ❛s ❢♦r ▼♦❖x ✭s❡❝t✐♦♥
✺✳✶✳✸✮✳
❲✐t❤ r❡❣❛r❞ t♦ ❳P❊❊▼✱ ✐♥ ❛❞❞✐t✐♦♥ t♦ ❖✶s ♦r❜✐t❛❧✱ ✈❛❧❡♥❝❡ ❜❛♥❞ ❛♥❞ s❡❝♦♥❞❛r②
❝✉t♦✛✱ ❚✐✷♣1/2✲❚✐✷♣3/2 ♣❡❛❦s ✇❡r❡ ✐♥✈❡st✐❣❛t❡❞ ✉s✐♥❣ ❛ t②♣✐❝❛❧ ♣❤♦t♦♥ ❡♥❡r❣② ♦❢ ✻✺✵ ❡❱✳
■♠❛❣❡ tr❡❛t♠❡♥t ❛♥❞ s♣❡❝tr❛ ❛♥❛❧②s✐s ✇❡r❡ t❤❡ s❛♠❡ ❛s t❤❡ ❛❢♦r❡♠❡♥t✐♦♥❡❞ ▼♦❖x ♦♥❡s
✭s❡❝t✐♦♥ ✺✳✶✳✸✮✳
❍♦✇❡✈❡r✱ t❤❡ ♠♦st ✐♠♣♦rt❛♥t ❞❛t❛ ❢♦r ❚✐❖2 ✇❡r❡ ❝♦❧❧❡❝t❡❞ ❜② ❳❆❙ t❡❝❤♥✐q✉❡✱ s❝❛♥✲
♥✐♥❣ ❛ ♣❤♦t♦♥ ❡♥❡r❣② ✐♥t❡r✈❛❧ ✇✐t❤ ❛ ✜①❡❞ ❙❚❱ ✭t②♣✐❝❛❧❧② ✶✳✹✱ ✶✳✻ ♦r ✶✳✽ ❡❱✮✳ ■♥ t❤✐s ❝❛s❡
♥♦r♠❛❧✐③❛t✐♦♥ ✲ s♣❡❝tr✉♠ ❞✐✈✐s✐♦♥ ❜② t❤❡ ❝✉rr❡♥t ♦♥ ❛ ✜❧t❡r ✐♥ ❢r♦♥t ♦❢ t❤❡ ❜❡❛♠ ✲ ✇❛s
♥❡❝❡ss❛r② t♦ r❡♠♦✈❡ ❛♥② ❡✛❡❝t ♦❢ ✉♥❞✉❧❛t♦r ♣❡❛❦s ❞✉r✐♥❣ t❤❡ ♣❤♦t♦♥ ❡♥❡r❣② s❝❛♥✳
✻✹
✭❛✮ ▲❊❊▼ ✐♠❛❣❡ ♦❢
❚✐❖2 ❛t r♦♦♠ t❡♠♣❡r✲
❛t✉r❡ ✭❋❖❱ ❂ ✷✵ µ♠✱
❙❚❱ ❂ ✵✳✹✺ ❡❱✮✳
✭❜✮ ▲❊❊▼ ✐♠❛❣❡
♦❢ ❚✐❖2✱ t✇♦✲st❡♣
❛♥♥❡❛❧❡❞ ❛t ✷✶✺ ❛♥❞
✸✻✵➦❈ ✭❋❖❱ ❂ ✶✵ µ♠❀
❙❚❱ ❂ ✶✳✼ ❡❱✮✳
✭❝✮ ▲❊❊▼ ✐♠❛❣❡ ♦❢
❚✐❖2 ❞❡♣♦s✐t❡❞ ❛t
✸✺✺➦❈ ✭❋❖❱ ❂ ✷✵ µ♠❀
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❋✐❣✉r❡ ✺✳✷✸✿ ▲❊❊▼ ✐♠❛❣❡s ❛♥❞ s♣❡❝tr❛ r❡❧❛t✐✈❡ t♦ t❤❡ s♣✉tt❡r❡❞ ❚✐❖2 s❛♠♣❧❡s ✭✭❛✮ ❜❡❢♦r❡
❛♥❞ ✭❜✮ ❛❢t❡r t✇♦✲st❡♣ ❛♥♥❡❛❧✐♥❣ ❛♥❞ ✭❝✮ ❤✐❣❤ t❡♠♣❡r❛t✉r❡ ❞❡♣♦s✐t❡❞✮✳
❙❡❝♦♥❞❛r② ❡❧❡❝tr♦♥ ❡♠✐ss✐♦♥ ♠❛♣s ✇❡r❡ r❡❝♦r❞❡❞ ✐♥ ❳❆❙ ❛♥❛❧②s✐s ❛♥❞ ✈❛r✐♦✉s ❘❖■s
✇❡r❡ tr❛❝❡❞ ♦♥ t❤❡♠✱ s♦ t❤❛t t❤❡✐r ❛ss♦❝✐❛t❡❞ s♣❡❝tr❛ ❛❧❧♦✇❡❞ t♦ ❝♦♠♣❛r❡ ❛r❡❛s ✇✐t❤
❞✐✛❡r❡♥t ❝❤❛r❛❝t❡r✐st✐❝s ♦♥ t❤❡ s✉r❢❛❝❡✳
❘❡s✉❧ts
■♥ ✜❣✉r❡ ✺✳✷✸ ❛♥ ❡①❛♠♣❧❡ ♦❢ ▲❊❊▼ ❝❛♥ ❜❡ s❡❡♥✳ ❆t ❛♠❜✐❡♥t t❡♠♣❡r❛t✉r❡ ✭✜❣✳ ✺✳✷✸❛✮
t❤❡ s❛♠♣❧❡ ❛♣♣❡❛rs ❤♦♠♦❣❡♥❡♦✉s ❡①❝❡♣t ❢♦r ♠✐♥♦r ❢❡❛t✉r❡s ✭♣r♦❜❛❜❧② str✉❝t✉r❛❧ ❞❡❢❡❝ts
♦r s❝r❛t❝❤❡s✮✳ ❆❢t❡r ✸✻✵➦❈ ❛♥♥❡❛❧✐♥❣ ❛ ✜♥❡ t❡①t✉r❡ ✐s ✈✐s✐❜❧❡ ♦♥ t❤❡ s✉r❢❛❝❡✱ ❜✉t ♥♦
❞✐st✐♥❝t r❡❣✐♦♥s ❛r❡ ❢♦✉♥❞ ✭✜❣✳ ✺✳✷✸❜✮✳ ■t ✇❛s t❤❡r❡❢♦r❡ ❞❡❝✐❞❡❞ t♦ ❛♥❛❧②③❡ ❛ r❛♥❞♦♠
❜❛❝❦❣r♦✉♥❞ ♣✐①❡❧ ♦❢ ❜♦t❤ ♠❛♣s ✭❡①❝❧✉❞✐♥❣ ❞❡❢❡❝ts✮✳ ❋✐❣✉r❡ ✺✳✷✸❝ s❤♦✇s t❤❡ s✉r❢❛❝❡ ♠❛♣
♦❢ ❤✐❣❤ t❡♠♣❡r❛t✉r❡ ❞❡♣♦s✐t❡❞ ❚✐❖2✿ t❤❡ s❛♠❡ s✉r❢❛❝❡ ❤♦♠♦❣❡♥❡✐t② ✇✐t❤ ♠✐♥♦r ❞❡❢❡❝ts
❝❛♥ ❜❡ ♥♦t✐❝❡❞ s♦ t❤❛t ❛♥ ♦✈❡r❛❧❧ ❘❖■ ✇❛s s❡❧❡❝t❡❞ ❢♦r t❤❡ ❛♥❛❧②s✐s✳ ❋r♦♠ ❛ ❝♦♠♣❛r✐s♦♥
♦❢ t❤❡ t❤r❡❡ s♣❡❝tr❛ ✭✜❣✳ ✺✳✷✸❞✮ ❛ ❝❤❛♥❣❡ ✐♥ ✇♦r❦ ❢✉♥❝t✐♦♥ ♦❢ ∼✶✳✷ ❡❱ ❛❢t❡r t✇♦✲st❡♣
❛♥♥❡❛❧✐♥❣ ❛t ✸✻✵➦❈ ❝♦✉❧❞ ❜❡ q✉❛♥t✐✜❡❞ ✲ ❲❋ ♣❛ss❡s ❢r♦♠ ✸✳✽✹ t♦ ✺✳✵✷ ❡❱✱ ❡✈❡♥ ✐❢ s♣❡❝✐❛❧
❛tt❡♥t✐♦♥ s❤♦✉❧❞ ❜❡ ♣❛✐❞ t♦ t❤❡ ❢❛❝t t❤❛t ✐♠❛❣❡s ✺✳✷✸❛ ❛♥❞ ✺✳✷✸❜ ✇❡r❡ ❛❝q✉✐r❡❞ ❛t ❞✐✛❡r❡♥t
✜❡❧❞s ♦❢ ✈✐❡✇✱ ✇❤✐❝❤ ♣r♦✈❡❞ t♦ ❛✛❡❝t r❡s✉❧ts ✐♥ ♣r❡✈✐♦✉s ♠❡❛s✉r❡♠❡♥ts✳ ❖♥ t❤❡ ♦t❤❡r
❤❛♥❞✱ ✸✺✺➦❈✲❞❡♣♦s✐t❡❞ ♦①✐❞❡ r❡✈❡❛❧❡❞ t❤❡ s❛♠❡ ❲❋ ❛s t❤❡ r♦♦♠ t❡♠♣❡r❛t✉r❡ ♦♥❡✱ ✐✳❡✳
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❋✐❣✉r❡ ✺✳✷✹✿ ❳P❊❊▼ ♠❛♣s ✭❛✮ ❜❡❢♦r❡ ❛♥❞ ✭❜✮✭❝✮✭❞✮ ❛❢t❡r t✇♦✲st❡♣ ❛♥♥❡❛❧✐♥❣ ♦❢ ❚✐❖2
s❛♠♣❧❡s✱ r❡❣✐st❡r❡❞ ❞✉r✐♥❣ s❡❝♦♥❞❛r② ❝✉t♦✛ s❝❛♥✱ ✇✐t❤ t❤❡ ✐♥❞✐❝❛t✐♦♥ ♦❢ ❛♥❛❧②③❡❞ ❘❖■s✳
✭❜✮✱ ✭❝✮ ❛♥❞ ✭❞✮ ✇❡r❡ ❛❝q✉✐r❡❞ ✇✐t❤ ❞✐✛❡r❡♥t ♣❤♦t♦♥ ❡♥❡r❣✐❡s✳
❋✐❣✉r❡ ✺✳✷✺✿ ❚✐❖2 ❛♥❛t❛s❡ ❛♥❞ r✉t✐❧❡ ❛❜s♦r♣t✐♦♥ s♣❡❝tr❛ ✇✐t❤ t❤❡ ❞❡t❛✐❧s ♦❢ ❝r②st❛❧❧✐♥❡
str✉❝t✉r❡ ♦❢ t❤❡ t✇♦ ♣❤❛s❡s✳ ❙♣✐♥✲♦r❜✐t ❝♦✉♣❧✐♥❣ ❛❝❝♦✉♥ts ❢♦r t❤❡ s♣❧✐tt✐♥❣ ❜❡t✇❡❡♥
❚✐✷♣3/2✲❚✐✸❞ ❛♥❞ ❚✐✷♣1/2✲❚✐✸❞ tr❛♥s✐t✐♦♥ ♣❡❛❦s ✭r❡s♣❡❝t✐✈❡❧② ▲3 ❛♥❞ ▲2 r❡❣✐♦♥s✮✳ ▲3
✐s ❢✉rt❤❡r s♣❧✐t ✐♥t♦ ❈ ❛♥❞ ❉✴❊ s✉❜✲♣❡❛❦s ❢♦r ❝r②st❛❧✲✜❡❧❞ ✐♥t❡r❛❝t✐♦♥✱ ✇❤❡r❡❛s ♦t❤❡r
s②♠♠❡tr② r❡❛s♦♥s ❞✐✈✐❞❡ ❉ ❛♥❞ ❊ ❢❡❛t✉r❡s ✲ ✇✐t❤ r❡✈❡rs❡❞ ❤❡✐❣❤t r❡❧❛t✐♦♥s❤✐♣s ❜❡t✇❡❡♥
t❤❡♠ ❢♦r r✉t✐❧❡ ❛♥❞ ❛♥❛t❛s❡✳ ❆ ❛♥❞ ❇ ♣r❡✲❡❞❣❡ ♣❡❛❦s ❛r❡ ❞✉❡ t♦ ❝♦r❡✲❤♦❧❡ ✐♥t❡r❛❝t✐♦♥
❛♥❞ t②♣✐❝❛❧ ♦❢ ❛♥❛t❛s❡ ♣❤❛s❡✳ ■❧❧✉str❛t✐♦♥ ❢r♦♠ ❬✸❪✳
✻✻
❋✐❣✉r❡ ✺✳✷✻✿ ❚❤❡ ❣r❛♣❤ s❤♦✇s ❛♥ ❡①❛♠♣❧❡
♦❢ ❚✐❖2 ❳❆❙ s♣❡❝tr✉♠✱ r❡❢❡rr❡❞ t♦ t✇♦✲st❡♣
❛♥♥❡❛❧❡❞ s❛♠♣❧❡ ✭❘❖■ ❆ ✐♥ ✜❣✉r❡ ✺✳✷✾❞✮✱
✇✐t❤ t❤❡ ✐♥❞✐❝❛t✐♦♥ ♦❢ t❤❡ ❡♥❡r❣✐❡s ♦❢ t❤❡
♠❛✐♥ ♣❡❛❦s✳ P❤♦t♦♥s ♦❢ t❤❡ s❛♠❡ hν ✇❡r❡
✉s❡❞ ❢♦r s❡❝♦♥❞❛r② ❝✉t♦✛ ♠❡❛s✉r❡♠❡♥ts✳
❚❤❡ ✐♠❛❣❡s ❛♥❞ ❣r❛♣❤s ♣r♦✈✐❞❡❞ ✐♥ ✜❣✉r❡ ✺✳✷✹ s❤♦✇s t❤❡ s❛♠♣❧❡ ❡✈♦❧✉t✐♦♥ ❞✉r✐♥❣
❛♥♥❡❛❧✐♥❣ ❛❝❝♦r❞✐♥❣ t♦ ❳P❊❊▼ ✐♥ s❡❝♦♥❞❛r② ❝✉t♦✛ ❡♥❡r❣② r❛♥❣❡✳ ❇❡❢♦r❡ t❤❡r♠❛❧ tr❡❛t✲
♠❡♥t t❤❡ s✉r❢❛❝❡ ❛♣♣❡❛rs ❤♦♠♦❣❡♥❡♦✉s ✭❞✐✛❡r❡♥t ❝♦❧♦✉rs ♦❢ t❤❡ ❘❖■s ✐♥ ✜❣✉r❡ ✺✳✷✹❛ ❛r❡
♣r♦❜❛❜❧② ❞✉❡ t♦ ❝♦♥t❛♠✐♥❛t✐♦♥ ♦r s✉r❢❛❝❡ ❞❡❢❡❝ts✱ ❜✉t t❤❡✐r s♣❡❝tr❛ ♣r♦✈❡❞ t♦ ❜❡ s✐♠✐❧❛r✮✱
✇❤❡r❡❛s s❡♣❛r❛t❡ ❞♦♠❛✐♥s ♦❢ ♣♦❧②❝r②st❛❧❧✐t❡s ❛r❡ ✈✐s✐❜❧❡ ❛❢t❡r ❤❡❛t✐♥❣✳ ■♥ ♣❛rt✐❝✉❧❛r✱ t❤❡②
❜❡❝♦♠❡ ❡✈✐❞❡♥t ✉s✐♥❣ t❤❡ ♣❤♦t♦♥ ❡♥❡r❣② ♦❢ ✹✻✶✳✻✽ ❡❱✱ ❝♦rr❡s♣♦♥❞✐♥❣ t♦ t❤❡ s❡❝♦♥❞ ❡g
❚✐✷♣3/2 ♣❡❛❦ ✐♥ t❤❡ ❳❆❙ s♣❡❝tr✉♠ ✭s❡❡ ✜❣✉r❡s ✺✳✷✺ ❛♥❞ ✺✳✷✻✮✱ ❛s ❡①♣❧❛✐♥❡❞ ❜❡❧♦✇✳
❋✐❣✉r❡ ✺✳✷✼ ✐❧❧✉str❛t❡s t❤❡ ✈❛❧❡♥❝❡ ❜❛♥❞ ❡✈♦❧✉t✐♦♥ ✐♥ ♦♥❡✲st❡♣ ❛♥❞ t✇♦✲st❡♣ ❛♥♥❡❛❧❡❞
❚✐❖2 s❛♠♣❧❡s✳ ❖♥❧② ❛ s❧✐❣❤t ❞✐s♣❧❛❝❡♠❡♥t t♦✇❛r❞s ❤✐❣❤❡r ❦✐♥❡t✐❝ ❡♥❡r❣✐❡s ❊K ✐s ✈✐s✐❜❧❡
❢♦r t❤❡ ♠❛✐♥ ❝✉t♦✛ ✐♥ ✜❣✉r❡ ✺✳✷✼❛✱ ✇❤❡r❡❛s ✐t ♣r♦✈❡s t♦ ❜❡ st❛❜❧❡ ✐♥ ✺✳✷✼❜✳ ❖♥ t❤❡ ♦t❤❡r
❤❛♥❞✱ ❛♥ ✐♠♣♦rt❛♥t ❝❤❛♥❣❡ ❛♣♣❡❛rs ❢♦r ❞❡❢❡❝t st❛t❡ ❜❛♥❞✱ ✇❤✐❝❤ ♠♦✈❡s t♦ ❧♦✇❡r ❊K ❛♥❞
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✺✳✸✵❛✱ ✇❤❡r❡❛s ❞❛r❦ ❘❖■s ❢♦r t✇♦✲st❡♣ ❛♥❞
♦♥❡✲st❡♣ ❛♥♥❡❛❧❡❞ ♦♥❡s✱ r❡s♣❡❝t✐✈❡❧② ❘❖■ ❆
s❤♦✇♥ ✐♥ ✜❣✉r❡ ✺✳✷✾❞ ❛♥❞ ❇ ✐♥ ✺✳✷✽❜✳ ●r❛♣❤s
❛r❡ ✈❡rt✐❝❛❧❧② tr❛♥s❧❛t❡❞✳
❋✐❣✉r❡ ✺✳✸✵✿ ❳❆❙ s✉r❢❛❝❡
✐♠❛❣❡ ♦❢ ✐♥ s✐t✉ ❛♥♥❡❛❧❡❞
❚✐❖2 ❛♥❞ s♣❡❝tr❛ ❝♦♠♣❛r✲
✐s♦♥ ❜❡t✇❡❡♥ t❤❡ t❤r❡❡ ❛♥✲
♥❡❛❧❡❞ s❛♠♣❧❡s✳
▼♦r❡♦✈❡r✱ ✜❣✉r❡s ✺✳✷✾❞ ❛♥❞ ✺✳✷✾❡ ♣r♦✈✐❞❡ ❛♥ ✐♥st❛♥❝❡ ♦❢ ❝♦♥tr❛st ✐♥✈❡rs✐♦♥✿ ❝❤❛♥❣✐♥❣
t❤❡ ♣❤♦t♦♥ ❡♥❡r❣② ❜② ❛r♦✉♥❞ ✶ ❡❱✱ s✉r❢❛❝❡ r❡❣✐♦♥s ♦❢ ❤✐❣❤❡r ❡❧❡❝tr♦♥ ❡♠✐ss✐♦♥ ❜❡❝♦♠❡
❞❛r❦❡r ❛♥❞ ✈✐❝❡✲✈❡rs❛✳
❉✐s❝✉ss✐♦♥
❱❛❧❡♥❝❡ ❜❛♥❞ ❛♥❛❧②s✐s r❡✈❡❛❧s s❛♠♣❧❡ ♦①✐❞❛t✐♦♥ ❞✉r✐♥❣ ❛♥♥❡❛❧✐♥❣ ♣❡r❢♦r♠❡❞ ✐♥ ❖2✲
r✐❝❤ ❛t♠♦s♣❤❡r❡✱ ✇❤❡r❡❛s ▲❊❊▼ s♣❡❝tr❛ ❤✐❣❤❧✐❣❤t ❛ ✇♦r❦ ❢✉♥❝t✐♦♥ ✐♥❝r❡❛s❡ ♦❢ t❤❡ ♦r❞❡r
♦❢ ✶ ❡❱ ❛❢t❡r ❛♥♥❡❛❧✐♥❣✱ ❜✉t ♥♦ ❝❤❛♥❣❡s ❢♦r ❤✐❣❤ t❡♠♣❡r❛t✉r❡ ❞❡♣♦s✐t❡❞ ♦①✐❞❡✳
❯♥❧✐❦❡ ♠♦❧②❜❞❡♥✉♠ ♦①✐❞❡✱ ♦♥ ❚✐❖2 s❛♠♣❧❡s ❝r②st❛❧❧✐♥❡ ❞♦♠❛✐♥s ❛♣♣❡❛r ❛❢t❡r ✸✻✵➦❈
❤❡❛t✐♥❣✱ ❡①❝❡♣t ❢♦r t❤❡ ❝❛s❡ ♦❢ ✸✺✺➦❈ ❞❡♣♦s✐t✐♦♥✳ ❚❤❡s❡ r❡❣✐♦♥s ❛r❡ ✇❡❧❧✲❞✐st✐♥❣✉✐s❤❛❜❧❡
♦♥ t❤❡ ❢r❛♠❡s ❛❝q✉✐r❡❞ ❛t ♣❤♦t♦♥ ❡♥❡r❣✐❡s ❝♦rr❡s♣♦♥❞✐♥❣ t♦ ❳❆❙ ❚✐✷♣3/2 ♣❡❛❦s✱ ❡s♣❡❝✐❛❧❧②
✇✐t❤ hν ❂ ✹✻✶✳✻✽ ❡❱ ✭✜❣✉r❡ ✺✳✷✹✮✱ ✇❤✐❝❤ s✉❣❣❡sts t❤❛t s✉r❢❛❝❡ ❞✐✛❡r❡♥❝❡s ❧❛② ♦♥ str✉❝t✉r❛❧
♦r❞❡r ❛♥❞ ❝r②st❛❧❧✐♥❡ ✐♥t❡r❛❝t✐♦♥s t❤❡s❡ s✉❜✲♣❡❛❦s ❛r❡ r❡❧❛t❡❞ t♦✳
❙❡❝♦♥❞❛r② ❡❧❡❝tr♦♥ ❳P❊❊▼ ❛♥❞ ❳❆❙ ✭✜❣✉r❡s ✺✳✷✹✱ ✺✳✷✽ ❛♥❞ ✺✳✷✾✮ ❛❣r❡❡ t❤❛t ♠❛✐♥
❞✐✛❡r❡♥❝❡s ❜❡t✇❡❡♥ s✉r❢❛❝❡ ❞♦♠❛✐♥s ❛r✐s❡ ❛r♦✉♥❞ ❚✐✷♣3/2✲❡g ♣❡❛❦❀ ❛♥♦t❤❡r ❡❧❡♠❡♥t s✉♣✲
♣♦rt✐♥❣ t❤✐s ✐♥t❡r♣r❡t❛t✐♦♥ ✐s t❤❡ ❝♦♥tr❛st ✐♥✈❡rs✐♦♥ ♦❜s❡r✈❡❞ ✇❤❡♥ s❝❛♥♥✐♥❣ ❞✐✛❡r❡♥t
❡♥❡r❣✐❡s ♦♥ t❤❡ s❛♠❡ ❚✐✷♣3/2 s✉❜✲♣❡❛❦ ✭✜❣✉r❡ ✺✳✷✾✮✳
❙❡❝♦♥❞❛r② ❝✉t♦✛ ❝❛❧❝✉❧❛t✐♦♥s ❢♦r s❡❧❡❝t❡❞ ❘❖■s ✐♥ ✜❣✉r❡ ✺✳✷✹ ❞♦ ♥♦t r❡✈❡❛❧ ❛♥② ✇♦r❦
❢✉♥❝t✐♦♥ ❞✐✛❡r❡♥❝❡ ❜❡t✇❡❡♥ ❞♦♠❛✐♥s✳ ❚❤✐s ❢❛❝t s✉❣❣❡sts t❤❛t ✐♥❤♦♠♦❣❡♥❡✐t② ✐♥ ❡♠✐ss✐♦♥
✐♥t❡♥s✐t② ✐s ♣r♦❜❛❜❧② ❞✉❡ t♦ ❝❤❛♥❣❡s ✐♥ ♠♦❧❡❝✉❧❛r s②♠♠❡tr✐❡s ❜❡t✇❡❡♥ ❝r②st❛❧❧✐t❡s ✇❤✐❝❤
❣✐✈❡ r✐s❡ t♦ ❞✐✛❡r❡♥t ❡❧❡❝tr♦♥✐❝ ❞❡♥s✐t✐❡s ❛t str✉❝t✉r❡s ❝♦rr❡s♣♦♥❞✐♥❣ t♦ ❡g s✉❜✲♣❡❛❦s✳
❋✉rt❤❡r r❡s❡❛r❝❤ ✐s t❤❡r❡❢♦r❡ ✉s❡❢✉❧ t♦ ❞❡❡♣❡♥✐♥❣ ❛ ❝♦♠♣❛r❛t✐✈❡ ❛♥❛❧②s✐s ♦❢ ❝r②st❛❧❧✐♥❡
str✉❝t✉r❡s ❞❡✈❡❧♦♣❡❞ ❞✉r✐♥❣ ❛♥♥❡❛❧✐♥❣ ❛♥❞ ❡❧❡✈❛t❡❞ t❡♠♣❡r❛t✉r❡ ❞❡♣♦s✐t✐♦♥✳
❆♥❛❧②③✐♥❣ ✐♥ ❢✉rt❤❡r ❞❡t❛✐❧s ❳❆❙ s♣❡❝tr❛✱ ✐t ✐s ♣♦ss✐❜❧❡ t♦ ✉♥❞❡rst❛♥❞ t❤❡ ❡✈♦❧✉t✐♦♥ ♦❢
t❤❡ ♦①✐❞❡ str✉❝t✉r❡✿ st❛rt✐♥❣ ❢r♦♠ ❛♠♦r♣❤♦✉s ❚✐❖2 ❛t r♦♦♠ t❡♠♣❡r❛t✉r❡✱ ❛t ✷✶✺➦❈ ♠✐♥♦r
♣r❡✲❡❞❣❡ ❢❡❛t✉r❡s ❛♥❞ t❤❡ ✐♥❝r❡❛s❡ ♦❢ t2g✴❡g ✐♥t❡♥s✐t② r❛t✐♦ ❜❡❣✐♥ t♦ ❛♣♣❡❛r ✭✺✳✷✾❝✮✱ ✉♥t✐❧
❢✉❧❧ ❛♥❛t❛s❡ ❝❤❛r❛❝t❡r✐st✐❝s ❛r❡ ✈✐s✐❜❧❡ ✐♥ ✸✻✵➦❈ ❛♥♥❡❛❧❡❞ ❛♥❞ ✸✺✺➦❈ ❞❡♣♦s✐t❡❞ s❛♠♣❧❡s✳
❆♥ ❡①❛♠ ♦❢ r✐❣❤t ❡g s✉❜✲♣❡❛❦ s❤❛♣❡ ✐♥ ❣r❛♣❤ ✺✳✸✵❜ ✭❜❧✉❡ ❧✐♥❡ r❡❢❡rr❡❞ t♦ ✐♥ s✐t✉
❛♥♥❡❛❧❡❞ ❚✐❖2✮ ❛♥❞ ❳P❊❊▼ ✐♠❛❣❡ ❝♦♠♣❛r✐s♦♥ s✉❣❣❡st ❛ ♠♦r❡ ❝♦♠♣❧❡t❡ ❛♥❛t❛s❡ r❡✲
✼✵
❝♦♥str✉❝t✐♦♥ ❛♥❞ ❛ ♠♦r❡ ❤♦♠♦❣❡♥❡♦✉s s✉r❢❛❝❡ str✉❝t✉r❡ ✭❧❛❝❦ ♦❢ ❞✐st✐♥❝t ❞♦♠❛✐♥s✮ ❢♦r
s❛♠♣❧❡ ❞❡♣♦s✐t❡❞ ❛t ❤✐❣❤ t❡♠♣❡r❛t✉r❡ ❛♥❞ ❛ ❧❡ss ♦r❞❡r❡❞ ❝r②st❛❧❧✐♥❡ ♣❤❛s❡ ❢♦r ❛♥♥❡❛❧❡❞
♦♥❡s✳
❋✐♥❛❧❧②✱ ❜❡❛♠ ❞❛♠❛❣❡ ❞❡t❡❝t❡❞ ♦♥ ❛♥♥❡❛❧❡❞ ❛♥❞ ❤✐❣❤✲t❡♠♣❡r❛t✉r❡ ❞❡♣♦s✐t❡❞ s❛♠♣❧❡s
❞❡s❡r✈❡s ❛ ❝♦♠♠❡♥t✳ ■♥ ❢❛❝t✱ ✐♥ t❤❡ ❢♦r♠❡r ❝❛s❡ r❡♣❡❛t❡❞ ❞✐s♣❧❛❝❡♠❡♥ts ♦♥ ♦①✐❞❡ s✉r❢❛❝❡
❞✉r✐♥❣ ♠❡❛s✉r❡♠❡♥ts ✇❡r❡ ♥❡❡❞❡❞ t♦ ❛✈♦✐❞ s♣❡❝tr❛ ♠♦❞✐✜❝❛t✐♦♥s ❝❛✉s❡❞ ❜② ❳✲r❛② ❧✐❣❤t
✉s❡❞ ❛s ❛ ♣r♦❜❡✳ ❖♥ t❤❡ ❝♦♥tr❛r②✱ r❡s✉❧ts ❛❝q✉✐r❡❞ ❢r♦♠ ❚✐❖2 s②♥t❤❡s✐③❡❞ ❛t ✸✺✺➦❈ ♣r♦✈❡❞
t♦ r❡♠❛✐♥ ❝♦♥s✐❞❡r❛❜❧② ♠♦r❡ st❛❜❧❡ ❡✈❡♥ ❛❢t❡r ♣❤♦t♦♥ ❡①♣♦s✉r❡ ♦❢ ❛❜♦✉t ♦♥❡ ❤♦✉r✳
❚❤✐s ❢❛❝t ♣r♦✈✐❞❡s ✐♥t❡r❡st✐♥❣ ❤✐♥ts t♦ ❝r❡❛t❡ ❛ s✉✐t❛❜❧❡ ❞❡♣♦s✐t✐♦♥ t❡❝❤♥✐q✉❡ ❢♦r t❤❡
❢❛❜r✐❝❛t✐♦♥ ♦❢ r♦❜✉st ♠❛t❡r✐❛❧s ❢♦r s♦❧❛r ❞❡✈✐❝❡s✳
✺✳✷✳✹ ❈♦♥❝❧✉s✐♦♥ ♦♥ ❚✐❖2
❚✐t❛♥✐✉♠ ♦①✐❞❡ ♣r♦✈❡s t♦ ❤❛✈❡ ❛ ♠♦r❡ ❝♦♠♣❧❡① ❜❡❤❛✈✐♦r t❤❛♥ ▼♦❖x ❛t ❤✐❣❤ t❡♠♣❡r✲
❛t✉r❡s✳ ❊✈❡♥ ✐❢ t❤❡ s♠❛❧❧ ❛♠♦✉♥t ♦❢ ❳P❙✴❯P❙ ♠❡❛s✉r❡♠❡♥ts ♣r❡✈❡♥ts ❛♥② ❝♦♥❝❧✉s✐✈❡
❛♥s✇❡r ❛❜♦✉t ✇♦r❦ ❢✉♥❝t✐♦♥ ❝❤❛♥❣❡s ❛♥❞ ♦①✐❞❡ r❡❞✉❝t✐♦♥✱ ▲❊❊▼ ❞❛t❛ s✉❣❣❡st t❤❛t ❲❋
✐♥❝r❡❛s❡s ❞✉r✐♥❣ ❛♥♥❡❛❧✐♥❣ ♦✈❡r ✸✺✵➦❈✱ ❜✉t ♥♦t ✇❤❡♥ t❤❡ s❛♠❡ ❤✐❣❤ t❡♠♣❡r❛t✉r❡ ✐s s❡t
❞✉r✐♥❣ ❞❡♣♦s✐t✐♦♥✳ ❚❤✐s ❣✐✈❡s ✐♥t❡r❡st✐♥❣ ✐♥❞✐❝❛t✐♦♥s t♦ ❞❡✈❡❧♦♣ s✉✐t❛❜❧❡ ❣r♦✇t❤ ❛♥❞
♣♦st✲❣r♦✇t❤ tr❡❛t♠❡♥ts✳
❊✈❡♥ ✐❢ t❤❡ t♦♣♦❣r❛♣❤② ❛♥❛❧②③❡❞ ❜② ❆❋▼ ❞✐❞ ♥♦t ❝❤❛♥❣❡ ❛❢t❡r ❤❡❛t✐♥❣ ✲ ❛ ❢❛❝t t❤❛t
✐s ♣r♦❜❛❜❧② ❧✐♥❦❡❞ t♦ t❤❡ ■❚❖ s✉❜str❛t❡✱ t❤❡ ♥✉♠❡r♦✉s ❞♦♠❛✐♥s ❛♣♣❡❛r✐♥❣ ♦♥ t❤❡ s✉r❢❛❝❡
❛r❡ ❧✐❦❡❧② t♦ ❜❡ ❞✉❡ t♦ ❞✐✛❡r❡♥t ❝r②st❛❧❧✐♥❡ r❡❝♦♥str✉❝t✐♦♥✿ ❚✐❖2 ❡✈♦❧✈❡s ❢r♦♠ ❛♠♦r♣❤♦✉s
t♦ ❛♥❛t❛s❡ ♣❤❛s❡✱ ❜✉t ✇✐t❤ ✈❛r✐♦✉s ❧♦♥❣ ❛♥❞ s❤♦rt r❛♥❣❡ ♣❛tt❡r♥s ❛❝❝♦✉♥t✐♥❣ ❢♦r ❡♠✐ss✐♦♥
✐♥t❡♥s✐t② ❤❡t❡r♦❣❡♥❡✐t② ♦♥ t❤❡ s❛♠♣❧❡ ❛♥❞ ❢♦r ❚✐✷♣3/2✲❡g s✉❜✲♣❡❛❦ s❤❛♣❡✳ ❚❤✐s ✐s t❤❡
r❡❛s♦♥ ✇❤② t❤❡ ❡①♣r❡ss✐♦♥ ❞♦♠❛✐♥s ♦❢ ♣♦❧②❝r②st❛❧❧✐t❡s ✇❛s ✉s❡❞ t❤r♦✉❣❤♦✉t t❤❡ ♣r❡✈✐♦✉s
❞✐s❝✉ss✐♦♥✿ r❡❣✐♦♥s ✇✐t❤ ❞✐✛❡r❡♥t ❡♠✐ss✐♦♥ ♣r♦♣❡rt✐❡s ❛♥❞ ♣r♦❜❛❜❧② ❞✐✛❡r❡♥t ❝r②st❛❧❧✐♥❡
r❡❝♦♥str✉❝t✐♦♥s ❞❡t❡❝t❡❞ ❜② ❳P❊❊▼ ❛♥❞ ❳❆❙ ♠❡❛s✉r❡♠❡♥ts ❤❛✈❡ ❛♥ ❡①t❡♥s✐♦♥ ♦❢ t❤❡
♦r❞❡r ♦❢ s❡✈❡r❛❧ ♠✐❝r♦♠❡t❡rs ✭∼✶✵ µ♠✮✱ ❜✉t t❤❡② ❛r❡ ❧✐❦❡❧② t♦ ❝♦♥s✐st ♦❢ ♥❛♥♦♠❡tr✐❝
❣r❛✐♥s ❛s t❤♦s❡ r❡✈❡❛❧❡❞ ❜② ❆❋▼ ✭∼✸✵ ♥♠✮✱ ✇❤✐❝❤ ❞♦ ♥♦t s❤♦✇ ✐♥ t❤❡✐r ♠♦r♣❤♦❧♦❣② t❤❡
❞♦♠❛✐♥s t❤❡② ❜❡❧♦♥❣ t♦✳
■♥ ♦r❞❡r t♦ ❛❝❤✐❡✈❡ ❛ ❞❡❡♣❡r ❝♦♥tr♦❧ ♦❢ ❚✐❖2✲❜❛s❡❞ ❞❡✈✐❝❡ ❢❛❜r✐❝❛t✐♦♥ ✐t ✐s t❤❡r❡❢♦r❡
❝r✉❝✐❛❧ t♦ ✉♥❞❡rst❛♥❞ ✐♥ ❢✉rt❤❡r st✉❞✐❡s t❤❡ ♦r✐❣✐♥ ♦❢ ❞✐✛❡r❡♥t ❝r②st❛❧❧✐♥❡ ❞♦♠❛✐♥s r❡✲
✈❡❛❧❡❞ ❜② t❤❡ ♣r❡s❡♥t❡❞ ♠❡❛s✉r❡♠❡♥ts ❛♥❞ t❤❡ ♣r♦♣❡rt✐❡s t❤❡② ❝❛♥ ♣r♦✈✐❞❡ ❛s ✇❡❧❧ ❛s t❤❡
❞✐✛❡r❡♥t ❡✛❡❝ts ♦❢ ❜❡❛♠ ❞❛♠❛❣❡ ❞❡t❡r♠✐♥❡❞ ♦♥ ❛♥♥❡❛❧❡❞ ❛♥❞ ❤✐❣❤✲t❡♠♣❡r❛t✉r❡ ❞❡♣♦s✐t❡❞
s❛♠♣❧❡s✳
❈❤❛♣t❡r ✻
●❡♥❡r❛❧ ❝♦♥❝❧✉s✐♦♥ ❛♥❞ ♣❡rs♣❡❝t✐✈❡s
❚❤❡ ❡♥s❡♠❜❧❡ ♦❢ ❞❛t❛ ❝♦❧❧❡❝t❡❞ ♦♥ ▼♦❖x ❛♥❞ ❚✐❖2 ✐❧❧✉str❛t❡❞ ✐♥ t❤✐s t❤❡s✐s s❤❡❞ ❧✐❣❤t
♦♥ t❤❡ ♣r♦♣❡rt✐❡s ♦❢ t❤❡s❡ ♦①✐❞❡s ❛♥❞ ♦♥ ❤♦✇ t❤❡② ❝❛♥ ❜❡ ❡①♣❧♦✐t❡❞ ✐♥ ♦r❣❛♥✐❝ ♦r ❤②❜r✐❞
♣❤♦t♦✈♦❧t❛✐❝s✳
❋♦r ❜♦t❤ ♠❛t❡r✐❛❧s ✇♦r❦ ❢✉♥❝t✐♦♥ ❝❤❛♥❣❡s ✐♥❞✉❝❡❞ ❜② ❛♥♥❡❛❧✐♥❣ ✐s ❝♦♥✜r♠❡❞✿ t❤✐s
t❤❡r♠❛❧ tr❡❛t♠❡♥t ❡✛❡❝t ♦♥ ❡♥❡r❣② ❜❛♥❞s ✐s ❡s♣❡❝✐❛❧❧② ✉s❡❢✉❧ ✐♥ t❤❡ ❝❛s❡ ♦❢ ▼♦❖x ❢♦r
❞❡s✐❣♥✐♥❣ ❤♦❧❡✲❡①tr❛❝t✐♥❣ ❧❛②❡rs✱ ✇❤✐❝❤ ♥❡❡❞ ♦①✐❞❡ ❋❡r♠✐ ❧❡✈❡❧ ♣✐♥♥✐♥❣ t♦ ♦r❣❛♥✐❝ s❡♠✐✲
❝♦♥❞✉❝t♦r ❍❖▼❖ t♦ ❛ss✐st t❤❡ ✢♦✇ ♦❢ ♣♦s✐t✐✈❡ ❝❤❛r❣❡s✳ ❳P❙ ❛♥❞ ❯P❙ ❞❛t❛ ♦♥ t❤✐s ❝♦♠✲
♣♦✉♥❞ ❛❧s♦ ❞❡♠♦♥str❛t❡ ✐ts r❡❞✉❝t✐♦♥ ❞✉r✐♥❣ t❤❡r♠❛❧ tr❡❛t♠❡♥t ❛♥❞ t❤❡ ✐♠♣r♦✈❡♠❡♥t
♦❢ ❝♦♥❞✉❝t✐♦♥ ♣r♦♣❡rt✐❡s ✇✐t❤ t❤❡ ✜❧❧✐♥❣ ♦❢ ❞❡❢❡❝t st❛t❡s ✲ t✇♦ ✐♠♣♦rt❛♥t ❝❤❛r❛❝t❡r✐st✐❝s
✐♥ s♦❧❛r ❝❡❧❧s ❛♥❞ ♦t❤❡r ❡❧❡❝tr♦♥✐❝ ❞❡✈✐❝❡s✳ ◆❡✈❡rt❤❡❧❡ss✱ ✐t ✐s ❝r✉❝✐❛❧ t❤❛t ❖✲✈❛❝❛♥❝②
❞❡❢❡❝t st❛t❡s ❛♣♣❡❛r✐♥❣ ❜❡❧♦✇ ❝♦♥❞✉❝t✐♦♥ ❜❛♥❞ ✇✐t❤ ❛♥♥❡❛❧✐♥❣ ❞♦ ♥♦t ❡①♣❛♥❞ ❜❡②♦♥❞
✐t✿ ✐♥ ❢❛❝t✱ ✐❢ ♦①✐❞❡ ❋❡r♠✐ ❡♥❡r❣② ❡♥t❡rs ❈❇ ❛♥❞ t❤❡ ♠❛t❡r✐❛❧ s❤♦✇s ❛ ♠❡t❛❧❧✐❝ ❝❤❛r❛❝t❡r✱
t❤❡ ❤♦❧❡✲s❡❧❡❝t✐✈❡ ♣r♦♣❡rt✐❡s ♦❢ ▼♦❖x ❝♦✉❧❞ ❜❡ ❞❡str♦②❡❞ ❛♥❞ s❤♦rt✲❝✐r❝✉✐ts ❝♦✉❧❞ ❛♣♣❡❛r
✐♥s✐❞❡ t❤❡ s♦❧❛r ❞❡✈✐❝❡✳
❆♥♦t❤❡r r❡♠❛r❦❛❜❧❡ r❡s✉❧t ♦❢ t❤✐s r❡s❡❛r❝❤ ✐s ❛❜♦✉t t❤❡ ✐♥✢✉❡♥❝❡ ♦❢ t❤❡ s✉❜str❛t❡ ♦♥
str✉❝t✉r❡ r❡❝♦♥str✉❝t✐♦♥ ❞✉r✐♥❣ ❛♥♥❡❛❧✐♥❣✳ ■♥ ❢❛❝t✱ ▼♦❖x ❞❡♣♦s✐t❡❞ ♦♥ s✐❧✐❝♦♥ ♣r♦✈❡s
t♦ ❡✈♦❧✈❡ ❜♦t❤ ✐♥ ❝r②st❛❧ ❣r❛✐♥ s✐③❡ ❛♥❞ ✐♥ s✉r❢❛❝❡ ✇♦r❦ ❢✉♥❝t✐♦♥✱ ✇❤❡r❡❛s ♦①✐❞❡s ❣r♦✇♥
♦♥ ■❚❖ ♠❛✐♥t❛✐♥ t❤❡✐r str✉❝t✉r❛❧ ♣r♦♣❡rt✐❡s ❛❧♠♦st ❝♦♥st❛♥t ✇❤✐❧❡ ✇♦r❦ ❢✉♥❝t✐♦♥s ✈❛r②✳
❋✉rt❤❡r st✉❞✐❡s ❛r❡ t❤❡r❡❢♦r❡ ♥❡❡❞❡❞ t♦ ✉♥❞❡rst❛♥❞ ✐♥t❡r❛❝t✐♦♥s ❜❡t✇❡❡♥ ❚▼❖s ❛♥❞ t❤❡✐r
❞❡♣♦s✐t✐♦♥ ❧❛②❡rs✱ ❢♦❝✉s✐♥❣ ✐♥ ♣❛rt✐❝✉❧❛r ♦♥ s✉❜str❛t❡s t❤❛t ❝❛♥ ❜❡ ❡♠♣❧♦②❡❞ ✐♥ ♦r❣❛♥✐❝
s♦❧❛r ❝❡❧❧ ❡♥❣✐♥❡❡r✐♥❣ ✲ ✐♥ t❤✐s r❡❣❛r❞ ❞❛t❛ ♦♥ s✐❧✐❝♦♥ ❛r❡ ♥♦t ❛s ✐♥t❡r❡st✐♥❣ ❢♦r ❛♣♣❧✐❝❛t✐♦♥s
❛s t❤♦s❡ ♦♥ ❝♦♥❞✉❝t✐✈❡ ■❚❖✳
▼♦r❡♦✈❡r✱ ❡①♣❡r✐♠❡♥t❛❧ r❡s✉❧ts s✉❣❣❡st t❤❛t ❞❡♣♦s✐t✐♦♥ t❡❝❤♥✐q✉❡s ❛♥❞ t❤❡r♠❛❧ tr❡❛t✲
♠❡♥ts ❞❡t❡r♠✐♥❡ ❞✐✛❡r❡♥t ♠❛t❡r✐❛❧s ♣r♦♣❡rt✐❡s✳ ❋♦r ❡①❛♠♣❧❡✱ ❤✐❣❤ t❡♠♣❡r❛t✉r❡ ❛♥♥❡❛❧❡❞
❛♥❞ s♣✉tt❡r❡❞ ♠♦❧②❜❞❡♥✉♠ ♦①✐❞❡s s❤♦✇ ❛♥ ✐♠♣r♦✈❡❞ st❛❜✐❧✐t② ✉♥❞❡r ❯❱ ❧✐❣❤t ✲ ❛♥ ❛❞✲
✈❛♥t❛❣❡ ❢♦r ❖P❱✱ ✇❤❡r❡❛s ✇♦r❦ ❢✉♥❝t✐♦♥ ♦❢ ❚✐❖2 ❞❡♣♦s✐t❡❞ ❛t ❡❧❡✈❛t❡❞ t❡♠♣❡r❛t✉r❡ ❞♦❡s
♥♦t s✉❜st❛♥t✐❛❧❧② ❝❤❛♥❣❡ ✐♥ t❤❡ ♦❜s❡r✈❡❞ t❡♠♣❡r❛t✉r❡ r❛♥❣❡ ❛s ✐♥ t❤❡ ❝❛s❡ ♦❢ ❛♥♥❡❛❧❡❞
♦①✐❞❡ ❛♥❞ ✐t ✐s ♠♦r❡ st❛❜❧❡ t♦ ❜❡❛♠ ❞❛♠❛❣❡✳
❋♦❧❧♦✇✲✉♣ r❡s❡❛r❝❤ ✐s ❛❧s♦ ♥❡❡❞❡❞ t♦ ❛♥❛❧②③❡ t❤❡ ♣r♦♣❡rt✐❡s ♦❢ ❝r②st❛❧❧✐♥❡ ❞♦♠❛✐♥s
t❤❛t ❛r✐s❡ ❞✉r✐♥❣ ❛♥♥❡❛❧✐♥❣ ♦♥ t✐t❛♥✐✉♠ ♦①✐❞❡ s✉r❢❛❝❡ ✲ ❜✉t ♥♦t ♦♥ ▼♦❖x✳ ❚❤❡② ❞♦ ♥♦t
s❡❡♠ t♦ ❞❡r✐✈❡ ❢r♦♠ ♠❛❝r♦s❝♦♣✐❝ ♠♦r♣❤♦❧♦❣②✱ ❛❝❝♦r❞✐♥❣ t♦ ❆❋▼ ❞❛t❛✱ ❜✉t ❛r❡ ❧✐❦❡❧② t♦
❜❡ ❧✐♥❦❡❞ t♦ ❛t♦♠✐❝ s②♠♠❡tr✐❡s ❞❡✈❡❧♦♣❡❞ ❞✉r✐♥❣ t❤❡ ♣❤❛s❡ tr❛♥s✐t✐♦♥ ❢r♦♠ ❛♠♦r♣❤♦✉s
t♦ ❛♥❛t❛s❡ ♣❤❛s❡ ❛t ❤✐❣❤ t❡♠♣❡r❛t✉r❡✳
■♥ t❤✐s ❝♦♥t❡①t✱ ❞✐✛❡r❡♥t ❡①♣❡r✐♠❡♥t❛❧ t❡❝❤♥✐q✉❡s ❛r❡ r❡q✉❡st❡❞ t♦ st✉❞② t❤❡ ♣r♦♣✲
❡rt✐❡s ♦❢ t❤❡s❡ ♠❛t❡r✐❛❧s ✇✐t❤ ❛ ❜❡tt❡r r❡s♦❧✉t✐♦♥✱ ❜❡②♦♥❞ t❤❡ ♦♥❡ ❛tt❛✐♥❡❞ ❜② ❳P❊❊▼
✼✶
✼✷
✭∼✶✵✵ ♥♠✮✳ ❋♦r ❡①❛♠♣❧❡✱ ❢✉rt❤❡r ❞✐✛r❛❝t✐♦♥ st✉❞✐❡s ✇✐t❤ µ♠✲❜❡❛♠ s✐③❡ ❝♦✉❧❞ ❜❡ ♣r♦♠✐s✲
✐♥❣ t♦ ❞✐s❝♦✈❡r ♠♦❧❡❝✉❧❛r ♦r❞❡r ✐♥ ♦①✐❞❡ str✉❝t✉r❡s✳
❍♦✇❡✈❡r✱ t❤❡ ♠❛✐♥ r❡s✉❧t ♦❢ t❤✐s r❡s❡❛r❝❤ ✐s r❡❧❛t❡❞ t♦ t❤❡ ♣♦ss✐❜✐❧✐t② ♦❢ t❛✐❧♦r✐♥❣
❡❧❡❝tr✐❝❛❧ ♣r♦♣❡rt✐❡s ♦❢ ❚r❛♥s✐t✐♦♥ ▼❡t❛❧ ❖①✐❞❡s ❜② s✐♠♣❧❡ t❤❡r♠❛❧ tr❡❛t♠❡♥ts✳ ■t ✐s
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❬✷✸❪ P✳ ❑❧❛♣❡t❡❦ ❡t ❛❧✳ ●✇②❞❞✐♦♥ ✉s❡r ❣✉✐❞❡✳
❤tt♣✿✴✴❣✇②❞❞✐♦♥✳♥❡t✴❞♦❝✉♠❡♥t❛t✐♦♥✴✉s❡r✲❣✉✐❞❡✲❡♥✴st❛t✐st✐❝❛❧✲❛♥❛❧②s✐s✳❤t♠❧
❬✷✹❪ ❲✳▼✳❍✳ ❙❛❝❤t❧❡r ❡t ❛❧✳ ❚❤❡ ✇♦r❦ ❢✉♥❝t✐♦♥ ♦❢ ❣♦❧❞✳ ❙✉r❢❛❝❡ ❙❝✐❡♥❝❡ ✺ ✭✶✾✻✻✮ ✷✷✶✲✷✷✾✳
❬✷✺❪ ❇✳ ❍❛♥ ❡t ❛❧✳ ❊✛❡❝t ♦❢ ♣♦st✲❛♥♥❡❛❧✐♥❣ ♦♥ t❤❡ ♣r♦♣❡rt✐❡s ♦❢ t❤❡r♠❛❧❧② ❡✈❛♣♦r❛t❡❞
♠♦❧②❜❞❡♥✉♠ ♦①✐❞❡ ✜❧♠s✿ ■♥t❡r❞❡♣❡♥❞❡♥❝❡ ♦❢ ✇♦r❦ ❢✉♥❝t✐♦♥ ❛♥❞ ♦①②❣❡♥ t♦ ♠♦❧②❜❞❡✲
♥✉♠ r❛t✐♦✳ ▼❛t❡r✐❛❧s ❙❝✐❡♥❝❡ ✐♥ ❙❡♠✐❝♦♥❞✉❝t♦r Pr♦❝❡ss✐♥❣ ✼✺ ✭✷✵✶✽✮ ✶✻✻✲✶✼✷✳
❬✷✻❪ ❆✳▲✳❋✳ ❈❛✉❞✉r♦✳ ●r♦✇t❤✱ Pr♦♣❡rt✐❡s ❛♥❞ ❆♣♣❧✐❝❛t✐♦♥s ♦❢ ▼♦❖x ❚❤✐♥✲❋✐❧♠s✳ P❤❉
t❤❡s✐s✱ ❯♥✐✈❡rs✐t② ♦❢ ❙♦✉t❤❡r♥ ❉❡♥♠❛r❦ ✭✷✵✶✻✮✳
❬✷✼❪ ❉✳ ❇r✐❣❣s✱ ▼✳P✳ ❙❡❛❤✳ Pr❛❝t✐❝❛❧ ❙✉r❢❛❝❡ ❆♥❛❧②s✐s✱ ❆✉❣❡r ❛♥❞ ❳✲r❛② P❤♦t♦❡❧❡❝tr♦♥
❙♣❡❝tr♦s❝♦♣②✳ ❏♦❤♥ ❲✐❧❡② ✫ ❙♦♥ ✭✶✾✾✵✮✳
❬✷✽❪ ❇✳ Ü♥❛❧ ❡t ❛❧✳✳ ❲♦r❦ ❢✉♥❝t✐♦♥ ♦❢ ❛ q✉❛s✐❝r②st❛❧ s✉r❢❛❝❡✿ ■❝♦s❛❤❡❞r❛❧ ❆❧✲P❞✲▼♥✳ ❏✳
❱❛❝✳ ❙❝✐✳ ❚❡❝❤♥♦❧✳ ❆ ✷✼ ✭✷✵✵✾✮ ✶✷✹✾✳
❬✷✾❪ ❋✳ ❇♦r❣❛tt✐✳ P❤♦t♦❡❧❡❝tr♦♥ ❙♣❡❝tr♦s❝♦♣②✳ ❯♥✐✈❡rs✐t② ♦❢ ❇♦❧♦❣♥❛ ✭✷✵✶✻✮✳
❬✸✵❪ ❍②❜r✐❉ ▼♦❞❡✳ ❘❡❜✐rt❤ ♦❢ ❋♦r❝❡ ❙♣❡❝tr♦s❝♦♣②✿ ❆❞✈❛♥❝❡❞ ◆❛♥♦♠❡❝❤❛♥✐❝❛❧✱ ❊❧❡❝tr✐❝❛❧✱
❖♣t✐❝❛❧✱ ❚❤❡r♠❛❧ ❛♥❞ P✐❡③♦r❡s♣♦♥s❡ ❙t✉❞✐❡s✳
❤tt♣s✿✴✴✇✇✇✳♥t♠❞t✲s✐✳❝♦♠✴❞❛t❛✴♠❡❞✐❛✴✜❧❡s✴♣r♦❞✉❝ts✴❜r♦❝❤✉r❡s✴❍②❜r✐❉❴▼♦❞❡✴
❇r♦❝❤✉r❡❴❍②❜r✐❉❴❆✹❴❡♥✳♣❞❢
❆♣♣❡♥❞✐① ❆
P❡❛❦ ❋♦r❝❡ ❛♥❞ ❙✉r❢❛❝❡ P♦t❡♥t✐❛❧
❑P❋▼ ❚❛♣♣✐♥❣ ♠♦❞❡ ❛♥❞ P♦t❡♥t✐❛❧
❖✛s❡t ✐♥ s✉r❢❛❝❡ ✇♦r❦ ❢✉♥❝t✐♦♥
♠❡❛s✉r❡♠❡♥ts
❲✐t❤✐♥ t❤❡ ❝♦♥t❡①t ♦❢ ❑P❋▼ ❛♥❛❧②s❡s✱ ✐t ✐s ❛❧s♦ ✐♥t❡r❡st✐♥❣ t♦ ❝♦♠♣❛r❡ ✐♠❛❣❡s ❛❝✲
q✉✐r❡❞ ✉s✐♥❣ ❞✐✛❡r❡♥t ♠✐❝r♦s❝♦♣② ♠♦❞❡s✳ ■♥ ❛❞❞✐t✐♦♥ t♦ P❡❛❦ ❋♦r❝❡ ❑P❋▼✲❆▼✱ ❛❧s♦
st❛♥❞❛r❞ ❚❛♣♣✐♥❣ ♠♦❞❡ ✭❆▼ ❙✉r❢❛❝❡ P♦t❡♥t✐❛❧✮ ✇❛s ❡♠♣❧♦②❡❞ ❢♦r ❳P❙✷ s❛♠♣❧❡ ❛♥✲
♥❡❛❧❡❞ ❛t ✺✵✵➦❈✳ ❙❡t ♣❛r❛♠❡t❡rs ✇❡r❡ t❤❡ s❛♠❡ ❢♦r t❤❡ t✇♦ s❡r✐❡s ♦❢ ♠❡❛s✉r❡♠❡♥ts✿ ❛
❧✐❢t s❝❛♥ ❤❡✐❣❤t ♦❢ ✺✵ ♥♠✱ ❛ s❝❛♥ r❛t❡ ♦❢ ✶ ❍③ ❛♥❞ ✺✶✷ s❛♠♣❧❡s ♣❡r ❧✐♥❡✳ ❚♦ ❡①♣❧♦✐t
❛♥♦t❤❡r ♣♦ss✐❜✐❧✐t② ♦✛❡r❡❞ ❜② ❑P❋▼ t❡❝❤♥✐q✉❡✱ ❛ ♣♦t❡♥t✐❛❧ ♦✛s❡t ✇❛s ❛❧s♦ ❛♣♣❧✐❡❞ t♦ t❤❡
t✐♣ ❞✉r✐♥❣ t❤❡ s❝❛♥✳ ■t ✐s t❤✉s ✉s❡❢✉❧ t♦ ❝♦♠♣❛r❡ t❤❡ r❡s✉❧ts ♦❢ ❛❧❧ ❛❝q✉✐s✐t✐♦♥ ♣❛r❛♠❡t❡r
❝♦♠❜✐♥❛t✐♦♥s✿ P❡❛❦ ❋♦r❝❡ ✭P❋✮ ♦r ❙✉r❢❛❝❡ P♦t❡♥t✐❛❧ ✭❙P✮ ♠♦❞❡ ✇✐t❤ ♦r ✇✐t❤♦✉t ♣♦t❡♥t✐❛❧
♦✛s❡t✳ ❙✐♥❝❡ t❤❡ ♠❡❛♥ ♣♦t❡♥t✐❛❧ ❧❡✈❡❧ ✇❛s ∼✲✶✺✵ ♠❱ ❢♦r P❡❛❦ ❋♦r❝❡ ♠♦❞❡✱ t❤❡ ❝❤♦s❡♥
♦✛s❡t ✇❛s ✲✶✺✵ ♠❱✱ ✇❤❡r❡❛s ✐t ✇❛s ✰✶✺✵ ♠❱ ❢♦r ❙✉r❢❛❝❡ P♦t❡♥t✐❛❧ ♠♦❞❡✱ ✇❤♦s❡ ✐♠❛❣❡
❤❛❞ ❛ ♠❡❛♥ ♣♦t❡♥t✐❛❧ ♦❢ ∼✰✶✺✵ ♠❱✳
❆s ❞♦♥❡ t♦ ❝❛❧❝✉❧❛t❡ ❤❡✐❣❤t r♦✉❣❤♥❡ss ❛♥❞ ♣♦t❡♥t✐❛❧ ❝♦♥tr❛st ✐♥ s❡❝t✐♦♥ ✺✳✶✳✶✱ t✇♦
✐♠❛❣❡s ✇❡r❡ r❡❝♦r❞❡❞ ✇✐t❤ t❤❡ s❛♠❡ ♠❛♣♣✐♥❣ ❝♦♥❞✐t✐♦♥s ✭♦♥❧② ♦♥❡ ♦❢ t❤❡♠ ✐s s❤♦✇❡❞ ✐♥
✜❣✉r❡ ✭❆✳✶✮✮ ❛♥❞ s✐① ♣r♦✜❧❡s ✇❡r❡ ❡①tr❛❝t❡❞ ❜♦t❤ ❢r♦♠ t♦♣♦❣r❛♣❤② ❛♥❞ ❢r♦♠ ♣♦t❡♥t✐❛❧
❞❛t❛✿ t❤❡ ♠♦st r❡♣r❡s❡♥t❛t✐✈❡ ❣r❛✐♥ ❜♦✉♥❞❛r✐❡s ✇❡r❡ ❝❤♦s❡♥✳ ❆❧❧ t❤❡ st❡♣s ✇❡r❡ ❛♥❛❧②③❡❞
t♦ ❝❛❧❝✉❧❛t❡ t❤❡✐r ❤❡✐❣❤t ✭✈❡rt✐❝❛❧❧② ✐♥ ♥❛♥♦♠❡t❡r ♦r ♠✐❧❧✐✈♦❧t s❝❛❧❡✱ ❝❛❧❧❡❞ ∆z✮ ❛♥❞ t❤❡✐r
st❡❡♣♥❡ss ✭t❤❡ ❤♦r✐③♦♥t❛❧ ❞✐st❛♥❝❡ s❡♣❛r❛t✐♥❣ t❤❡ ❧♦✇❡st ❛♥❞ t❤❡ ❤✐❣❤❡st ♣r♦✜❧❡ ♣♦✐♥ts✱
❝❛❧❧❡❞ ∆x✮✳ ❙✐♥❝❡ ❛❧❧ t❤❡s❡ q✉❛♥t✐t✐❡s ❛r❡ ❞✐✛❡r❡♥❝❡s ❜❡t✇❡❡♥ t✇♦ ♣♦s✐t✐♦♥s✱ t❤❡✐r ❛ss♦❝✐✲
❛t❡❞ ❡rr♦r ✐s t✇✐❝❡ t❤❡ ✉♥❝❡rt❛✐♥t② ♦❢ ❡✈❡r② ♣♦✐♥t ✭t②♣✐❝❛❧❧② t✇♦ ❞✐✈✐s✐♦♥s ✐♥ t❤❡ ✈❡rt✐❝❛❧
s❝❛❧❡ ❛♥❞ ❤❛❧❢ ♦❢ ❛ ❞✐✈✐s✐♦♥ ✐♥ t❤❡ ❤♦r✐③♦♥t❛❧ ❞✉❡ t♦ t❤❡ ❞✐✛❡r❡♥t ❧❡✈❡❧ ♦❢ ✢✉❝t✉❛t✐♦♥ ✐♥
t❤❡ ♣r♦✜❧❡s✮✳ ❋✐♥❛❧❧②✱ t❤❡ ✇❡✐❣❤t❡❞ ❛✈❡r❛❣❡ ♦❢ t❤❡ s✐① ♠❡❛s✉r❡s ✇❛s ❝❛❧❝✉❧❛t❡❞✱ t♦❣❡t❤❡r
✇✐t❤ ✐ts ❡rr♦r✳
❚❤❡ s✐❣♥✐✜❝❛♥t ♣❛r❛♠❡t❡r t♦ ❡st✐♠❛t❡ t❤❡ ♣❡r❢♦r♠❛♥❝❡ ♦❢ ❡✈❡r② t♦♣♦❣r❛♣❤② ❛♥❞ ♣♦✲
t❡♥t✐❛❧ ❛❝q✉✐s✐t✐♦♥ ♠♦❞❡ ✐s t❤❡ r❡s♦❧✉t✐♦♥✱ ❞❡✜♥❡❞ ❛s
∆z
∆x
,
❡①♣r❡ss❡❞ r❡s♣❡❝t✐✈❡❧② ❛s ❛ ❞✐♠❡♥s✐♦♥❧❡ss q✉❛♥t✐t② ♦r ✐♥ ♠❱✴♥♠✳ ■ts ❛ss♦❝✐❛t❡❞ ✉♥❝❡r✲
✼✺
✼✻
P♦t❡♥t✐❛❧ ♦✛s❡t ❂ ✵ P♦t❡♥t✐❛❧ ♦✛s❡t ❂ ±✶✺✵ ♠❱
P❋ ❚♦♣✳ ❂ ✭✶✳✸±✵✳✺✮❀ P♦t✳ ❂ ✭✵✳✶✽±✵✳✵✹✮♠❱✴♥♠ ❚♦♣✳ ❂ ✭✶✳✷±✵✳✺✮❀ P♦t✳ ❂ ✭✵✳✷✹±✵✳✵✽✮♠❱✴♥♠
❙P ❚♦♣✳ ❂ ✭✵✳✾±✵✳✸✮❀ P♦t✳ ❂ ✭✵✳✶±✵✳✷✮♠❱✴♥♠ ❚♦♣✳ ❂ ✭✵✳✽±✵✳✸✮❀ P♦t✳ ❂ ✭✵✳✶✶±✵✳✶✽✮♠❱✴♥♠
❚❛❜❧❡ ❆✳✶✿ ❚♦♣♦❣r❛♣❤② ❛♥❞ ♣♦t❡♥t✐❛❧ r❡s♦❧✉t✐♦♥s ❝❛❧❝✉❧❛t❡❞ ❢♦r P❡❛❦ ❋♦r❝❡ ❛♥❞ ❙✉r❢❛❝❡
P♦t❡♥t✐❛❧ ❚❛♣♣✐♥❣ ♠♦❞❡s✱ ✇✐t❤ ❛♥❞ ✇✐t❤♦✉t t❤❡ ❛♣♣❧✐❝❛t✐♦♥ ♦❢ ❛ ♣♦t❡♥t✐❛❧ ♦✛s❡t✳
t❛✐♥t② ✇❛s ❝❛❧❝✉❧❛t❡❞ ❛❝❝♦r❞✐♥❣ t♦ ♣r♦♣❛❣❛t✐♦♥ ♦❢ ❡rr♦r ❛s
∆z
∆x
√
(
∆(∆z)
∆z
)2 + (
∆(∆x)
∆x
)2,
✇❤❡r❡ ∆(∆z) ❛♥❞ ∆(∆x) ❛r❡ t❤❡ ❡st✐♠❛t❡❞ ❡rr♦rs ❢♦r ∆z ❛♥❞ ∆x✱ r❡s♣❡❝t✐✈❡❧②✳
❋✐❣✉r❡ ❆✳✶ s❤♦✇s t❤❡ ✐♠❛❣❡s r❡❝♦r❞❡❞ ✇✐t❤ t❤❡ ❞✐✛❡r❡♥t t❡❝❤♥✐q✉❡s ❛♥❞ t❛❜❧❡ ❆✳✶
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❛❣❡s r❡✈❡❛❧s t❤❛t s❛♠♣❧❡ ❢❡❛t✉r❡s ✐♥ ❜♦t❤ ♠❛♣s ❛r❡ s✐♠✐❧❛r ❛♥❞ s♦ t❤❛t ✇♦r❦ ❢✉♥❝t✐♦♥
❞✐✛❡r❡♥❝❡s ❜❡t✇❡❡♥ s✉r❢❛❝❡ ❣r❛✐♥s ❛♥❞ t❤❡ s✉❜str❛t❡ ❛r❡ s✉❣❣❡st❡❞✳ ❈❛♥ t❤❡s❡ r❡s✉❧ts
❜❡ ✐♥✢✉❡♥❝❡❞ ❜② ❜♦✉♥❞❛r② ❛rt✐❢❛❝ts❄ ■♥ ❢❛❝t✱ t✐♣✲s❛♠♣❧❡ ✐♥t❡r❛❝t✐♦♥ ♣r♦❞✉❝✐♥❣ ♣♦t❡♥t✐❛❧
❑P❋▼ ✐♠❛❣❡s ✐♥✈♦❧✈❡s ❝❛♣❛❝✐t✐✈❡ ❡✛❡❝ts ✇❤❡♥ t❤❡ t✐♣ s❝❛♥s ❛ st❡♣ ❜❡t✇❡❡♥ ❣r❛✐♥s ❛♥❞
s✉❜str❛t❡✳ ▼♦r❡♦✈❡r✱ t❤❡ t♦♣♦❣r❛♣❤② ♦❢ t❤❡ s❛♠♣❧❡ ❞❡t❡r♠✐♥❡s ❛ s♣❡❝✐✜❝ ❞✐str✐❜✉t✐♦♥ ♦❢
s✉r❢❛❝❡ ❝❤❛r❣❡s t❤❛t ❝❛♥ ❛✛❡❝t ❡❧❡❝tr✐❝❛❧ ✐♥t❡r❛❝t✐♦♥ ❞✉r✐♥❣ ♠❡❛s✉r❡♠❡♥ts ✲ ❢♦r ❡①❛♠♣❧❡✱
✈❛❧❧❡②s ❝❛♥ ❛❝t ❛s ✬♠❡❝❤❛♥✐❝❛❧ tr❛♣s✬ ❢♦r ❡❧❡❝tr♦♥s✳
■♥ ♦r❞❡r t♦ ✉♥❞❡rst❛♥❞ ❜❡tt❡r ♣❤②s✐❝❛❧ ❛♥❞ ❝❤❡♠✐❝❛❧ ❝❤❛r❛❝t❡r✐st✐❝s ♦❢ t❤❡ ♠❛t❡r✐❛❧s
✉♥❞❡r ❡①❛♠✐♥❛t✐♦♥✱ ❛❞❤❡s✐♦♥ ❑P❋▼ ♠❛♣s ✇❡r❡ ❛❧s♦ ❛♥❛❧②③❡❞✳ ❚❤✐s ♣r♦♣❡rt② ✐s ♠❛♣♣❡❞
❞✉r✐♥❣ ❛ s❝❛♥ ❛s t❤❡ ❢♦r❝❡ ♥❡❡❞❡❞ t♦ ❣❡t t❤❡ t✐♣ ✬✉♥st✉❝❦✬ ❛❢t❡r ❛♥ ❛♣♣r♦❛❝❤ t♦ t❤❡ s✉r❢❛❝❡✳
■t ✐s ♠❡❛s✉r❡❞ ❛s t❤❡ ❞✐✛❡r❡♥❝❡ ❜❡t✇❡❡♥ t❤❡ ❛♣♣r♦❛❝❤ ❛♥❞ t❤❡ ✇✐t❤❞r❛✇ ✐♥ t❤❡ ♣♦t❡♥t✐❛❧
❛♣♣❧✐❡❞ t♦ t❤❡ t✐♣ ✐♥ t❤❡ ❢❡❡❞❜❛❝❦ ❧♦♦♣[✸✵]✳ ❆❞❤❡s✐♦♥ ❣✐✈❡s ❛ q✉❛❧✐t❛t✐✈❡ ✐♠❛❣❡ ♦❢ ❝❤❡♠✐❝❛❧
❝♦♠♣♦s✐t✐♦♥ ♦❢ s✉r❢❛❝❡ ❢❡❛t✉r❡s✱ ❜❡❝❛✉s❡ ❞✐✛❡r❡♥t ❝♦♠♣♦✉♥❞s ♦♥ t❤❡ s❛♠♣❧❡ ❞✐✛❡r❡♥t❧②
✐♥t❡r❛❝t ✇✐t❤ t❤❡ t✐♣✱ ❡✈❡♥ ✐❢ ❛❞❤❡s✐♦♥ ❝♦✉❧❞ ❛❧s♦ ❜❡ ✐♥✢✉❡♥❝❡❞ ❜② ✇❛t❡r ♣❛rt✐❝❧❡s tr❛♣♣❡❞
❞✉r✐♥❣ ❛ s❝❛♥✳
❆♥ ❡①❛♠♣❧❡ ♦❢ t❤✐s ❛♥❛❧②s✐s ✐s s❤♦✇♥ ✐♥ ✜❣✉r❡ ❇✳✶✱ r❡❢❡rr❡❞ t♦ s✉❜st♦✐❝❤✐♦♠❡tr✐❝ ▼♦❖x
♦♥ ■❚❖ ❛♥♥❡❛❧❡❞ ❛t ✺✵✵➦❈ ✭s❛♠♣❧❡ ❳P❙✶ ❛s r❡❢❡rr❡❞ t♦ t❤r♦✉❣❤♦✉t t❤✐s t❤❡s✐s✮✳ ❆s ❡①✲
♣❧❛✐♥❡❞ ✐♥ ♣❛r❛❣r❛♣❤ ✺✳✶✳✶✱ t♦♣♦❣r❛♣❤② ❛♥❞ ♣♦t❡♥t✐❛❧ ❛✈❡r❛❣❡ r♦✉❣❤♥❡ss ✇❡r❡ ❡①tr❛❝t❡❞
❢r♦♠ ❑P❋▼ ✐♠❛❣❡s t❛❦✐♥❣ ✐♥t♦ ❛❝❝♦✉♥t ♦♥❧② ♠❡❞✐✉♠✲s✐③❡❞ ❣r❛✐♥s ❛♥❞ t❤❡ ❝♦rr❡s♣♦♥❞✲
✐♥❣ ❢❡❛t✉r❡s ✐♥ ❈P❉ ♠❛♣s ✭♦r❛♥❣❡ ✐♥ t❤❡ ❝♦❧♦r ♠❛♣ ♦❢ ✜❣✳ ❇✳✶✮✳ ❍♦✇❡✈❡r✱ ❛❧s♦ ❤✐❣❤❡r
♣❡❛❦s ❛r❡ ✈✐s✐❜❧❡ ♦♥ t❤❡ s✉r❢❛❝❡ ✭∼✾✵ ♥♠ ✈s✳ ∼✹✵ ♥♠ ♦❢ ❤❡✐❣❤t r♦✉❣❤♥❡ss ✐♥ t❤❡ ♣r❡s❡♥t
❡①❛♠♣❧❡✮ ❛♥❞ t❤❡② ❛r❡ ❛ss♦❝✐❛t❡❞ ✇✐t❤ ❧♦✇❡r ♣♦t❡♥t✐❛❧ r❡❣✐♦♥s ✭∼✷✺ ♠❱ ✈s✳ ∼✶✼ ♠❱
♦❢ ♣♦t❡♥t✐❛❧ r♦✉❣❤♥❡ss✮✳ ❲❤❡r❡❛s ♦r❞✐♥❛r② ❣r❛✐♥s ❝❛♥ ❜❡ ❞❡t❡❝t❡❞ ✐♥ ❛❞❤❡s✐♦♥ ♠❛♣ t♦♦
✭✜❣✉r❡ ❇✳✶❝✮✱ s❤❛♣❡ ❛♥❞ s✐③❡ ♦❢ t❤❡ ❤✐❣❤❡st ♥❛♥♦❛❣❣r❡❣❛t❡s ✭❧✐❣❤t ②❡❧❧♦✇✮ ❛r❡ r❡❝♦❣♥✐③✲
❛❜❧❡ t❤❡r❡✱ ❜✉t t❤❡✐r ❛❞❤❡s✐♦♥ ❧❡✈❡❧ ✐s t❤❡ s❛♠❡ ❛s ♦t❤❡r ❣r❛✐♥s ✭s✐♠✐❧❛r ❝♦❧♦rs✮✳ ❚❤✐s
❝♦✉❧❞ ♠❡❛♥ t❤❛t t❤❡ ♣❡❝✉❧✐❛r ❢❡❛t✉r❡s ❛♣♣❡❛r✐♥❣ ❛❢t❡r ✺✵✵➦❈ ❛♥♥❡❛❧✐♥❣ ❛r❡ ♦♥❧② ❞✉❡ t♦
❝r②st❛❧❧✐③❛t✐♦♥ ♣r♦❝❡ss t❤❛t ❧❡❛❞s t♦ ❛♥ ✐♥❝r❡❛s✐♥❣ ❧❡✈❡❧ ♦❢ ❝❧✉st❡r✐♥❣ ♦♥ t❤❡ s✉r❢❛❝❡✱ ❜✉t
✇✐t❤♦✉t ❝❤❛♥❣✐♥❣ ♦①✐❞❡ ❝❤❡♠✐❝❛❧ ❝♦♠♣♦s✐t✐♦♥✳ ❋r♦♠ t❤✐s s❡t ♦❢ ✐♠❛❣❡s ✭✜❣✉r❡ ❇✳✶✮ ✐t ✐s
❤♦✇❡✈❡r ❝❤❛❧❧❡♥❣✐♥❣ t♦ ❞❡t❡❝t r❡❛❧ ❝❤❡♠✐❝❛❧ ❞✐✛❡r❡♥❝❡s ❜❡t✇❡❡♥ s✉r❢❛❝❡ ❣r❛✐♥s ❛♥❞ t❤❡
s✉❜str❛t❡ t♦ s✉♣♣♦rt t❤❡ ❤②♣♦t❤❡s✐s ♦❢ ❞✐✛❡r❡♥t ❝r②st❛❧❧✐③❛t✐♦♥ ❜❡t✇❡❡♥ t❤❡♠[✻]✳
✼✾
✽✵
❆❜♦✉t t❤✐s ❢❛❝t✱ ✐♥ ♣❛r❛❣r❛♣❤ ✺✳✶✳✶ ✐t ✇❛s s♣❡❝✐✜❡❞ t❤❛t ❞✉r✐♥❣ ✐♠❛❣❡ ❛♥❛❧②s✐s ❛♥❞
♣r♦✜❧❡ ❡①tr❛❝t✐♦♥ ♦♥❧② r♦✉❣❤♥❡ss r❡❢❡rr❡❞ t♦ ❣r❛✐♥ ❝♦r❡s ✇❛s ♠❡❛s✉r❡❞✳ ■♥ ❢❛❝t✱ ✐t ✐s tr✉❡
t❤❛t ❜♦✉♥❞❛r② r❡❣✐♦♥s ❛r❡ ♦❢t❡♥ ❛✛❡❝t❡❞ ❜② ❝♦♥✈♦❧✉t✐♦♥ ❡✛❡❝ts✿ t❤❡ t✐♣ ✐♥t❡r❛❝ts ❜♦t❤
✇✐t❤ t❤❡ s✉❜str❛t❡ ❛♥❞ ✇✐t❤ ❣r❛✐♥s s♦ t❤❛t t❤❡ r❡❝♦r❞❡❞ ❤❡✐❣❤t ❛♥❞ ❈P❉ ❧❡✈❡❧ ❛r❡ ♥♦t t❤❡
r❡❛❧ ♦♥❡s✳ ■♥ t❤❡ ❝❛s❡ ♦❢ ❛❞❤❡s✐♦♥✱ ❡❞❣❡ r❡❣✐♦♥s ❝♦✉❧❞ s❤♦✇ s♣❡❝✐✜❝ ✐♥t❡r❛❝t✐♦♥ ♣r♦♣❡rt✐❡s
❜❡❝❛✉s❡✱ ❢♦r ❡①❛♠♣❧❡✱ ✐t ✐s ❡❛s✐❡r ❢♦r t❤❡ t✐♣ t♦ r❡❧❡❛s❡ ♠♦✐st✉r❡ ♠♦❧❡❝✉❧❡s ❛t t❤❡ ❜♦r❞❡rs✱
✇❤❡r❡ t❤❡② ❛r❡ ♣✐♥♥❡❞ ❞♦✇♥ ❜② ❢❡✇❡r s✐♠✐❧❛r ♣❛rt✐❝❧❡s ❛♥❞ ♠♦r♣❤♦❧♦❣✐❝❛❧ ✬tr❛♣♣✐♥❣✬
str✉❝t✉r❡s✳ ❚❤✐s ❝♦✉❧❞ ❜❡ s❡❡♥✱ ❢♦r ✐♥st❛♥❝❡✱ ✐♥ ❳P❙✷ ❛♥♥❡❛❧❡❞ ❛t ✺✵✵➦❈ s❤♦✇♥ ✐♥ ✜❣✉r❡
❇✳✷✱ ✇❤❡r❡ ❡❞❣❡ ③♦♥❡s ♣r♦✈❡ t♦ ❜❡ st✐✛❡r ✐♥ ❛❞❤❡s✐♦♥ ♠❛♣s ✭❞❛r❦❡r ✐♥ ✜❣✉r❡ ❇✳✷❝✮✳ ❊✈❡♥
✐❢ ❛ q✉❛❧✐t❛t✐✈❡ ✐♥s♣❡❝t✐♦♥ ♦❢ t❤❡ ✐♠❛❣❡ r❡✈❡❛❧s t❤❡ ♣r❡s❡♥❝❡ ♦❢ r❡❣✐♦♥s ♦❢ ❞✐✛❡r❡♥t ❝♦❧♦r ❛t
❣r❛✐♥ ❜♦r❞❡rs ✐♥ t♦♣♦❣r❛♣❤② ❛♥❞ ❛❞❤❡s✐♦♥ ♠❛♣s✱ t❤❡s❡ ✬❜♦✉♥❞❛r②✬ r❡❣✐♦♥s ❛r❡ ❢❛r ♠♦r❡
❡①t❡♥❞❡❞ ✐♥ ♣♦t❡♥t✐❛❧ ✐♠❛❣❡ ✭❛ ❈P❉ ❞❛r❦ ❜r♦✇♥ ♦r ❜❧❛❝❦ ❛r❡❛ ✐♥ t❤❡ ♠✐❞❞❧❡ ♦❢ t❤❡ ❣r❛✐♥
❝❛♥ ♦♥❧② ❜❡ s❡❡♥ ✐♥ ✇✐❞❡r ❛❣❣r❡❣❛t❡s✮✿ t❤✐s ❢❛❝t ❝♦✉❧❞ ❜❡ ✐♥t❡r♣r❡t❡❞ ❛s ❛ ❞❡♠♦♥str❛t✐♦♥
♦❢ ❜♦✉♥❞❛r② ❛rt✐❢❛❝ts ❛♥❞ ♦❢ t❤❡ ✐♠♣♦rt❛♥❝❡ ♦❢ ♣❡r❢♦r♠✐♥❣ r♦✉❣❤♥❡ss ♠❡❛s✉r❡♠❡♥ts
r❡❛s♦♥❛❜❧② ❢❛r ❢r♦♠ t❤❡ ❜♦r❞❡rs ❛♥❞ ♦♥❧② ♦♥ ✇✐❞❡ ❣r❛✐♥s✳ ■♥ ❢❛❝t✱ ✐♥ ❛❞❞✐t✐♦♥ t♦ t❤❡
s♣❡❝✐✜❝ ❝❤❛r❛❝t❡r✐st✐❝s ♦❢ ❡✈❡r② ✐♥t❡r❛❝t✐♦♥ ✭✈❛♥ ❞❡r ❲❛❛❧s✱ ❛❞❤❡s✐♦♥ ❢♦r❝❡✱ ❡❧❡❝tr✐❝❛❧
✐♥t❡r❛❝t✐♦♥s✮ r❡s✉❧t✐♥❣ ✐♥ ❞✐✛❡r❡♥t r❡s♦❧✉t✐♦♥s✱ ✐♥ t♦♣♦❣r❛♣❤② ❛♥❞ ❛❞❤❡s✐♦♥ ❛❝q✉✐s✐t✐♦♥
t❤❡ t✐♣ ♠❛❦❡s ❛ ❝❧♦s❡r ❛♣♣r♦❛❝❤ t♦ t❤❡ s✉r❢❛❝❡ ❛♥❞ ❝♦♥✈♦❧✉t✐♦♥ ❛✛❡❝ts s♠❛❧❧❡r r❡❣✐♦♥s✱
✇❤❡r❡❛s ❞✉r✐♥❣ t❤❡ ❧✐❢t s❝❛♥ ✭❈P❉ ♠❛♣♣✐♥❣✮ t❤❡ ♠♦r❡ r❡tr❛❝t❡❞ t✐♣ ❡①♣❡r✐❡♥❝❡s ❣r❛✐♥
❛♥❞ s✉❜str❛t❡ ❝r♦ss✲t❛❧❦ ❡✛❡❝ts ♦♥ ✇✐❞❡r r❡❣✐♦♥s✳ ❚❤❡s❡ ♦❜s❡r✈❛t✐♦♥s s✉❣❣❡st t❤❛t ❢♦r
r♦✉❣❤♥❡ss ❛♥❞ ❈P❉ ❝❛❧❝✉❧❛t✐♦♥s s♠❛❧❧ ❣r❛✐♥s ✭❢♦r ❡①❛♠♣❧❡✱ t❤♦s❡ ✇✐t❤ ❛ ❞✐❛♠❡t❡r ♦❢ ❧❡ss
t❤❛♥ ❛ ❤✉♥❞r❡❞ ♥❛♥♦♠❡t❡rs ❢♦r ♣♦t❡♥t✐❛❧ ♠❛♣ ✐♥ ✜❣✉r❡ ❇✳✷❜✮ s❤♦✉❧❞ ♥♦t ❜❡ ❝♦♥s✐❞❡r❡❞✿
t❤❡② ❛r❡ s♦ ♥❛rr♦✇ t❤❛t ❛❧❧ t❤❡✐r ❛r❡❛ ✐s ❛✛❡❝t❡❞ ❜② ❜♦✉♥❞❛r② ❡✛❡❝ts s♦ t❤❛t t❤❡② ❛r❡
❜❡❧♦✇ t❤❡ r❡s♦❧✉t✐♦♥ ❧✐♠✐t ♦❢ t❤❡ ♠❡t❤♦❞✳
■♥ ❣❡♥❡r❛❧✱ ✇❡ ❝❛♥ t❤❡r❡❢♦r❡ ❝♦♥❝❧✉❞❡ t❤❛t✱ ❡①❝❡♣t ❢♦r ❜♦r❞❡r r❡❣✐♦♥s ✇❤❡r❡ ❝❛♣❛❝✐t✐✈❡
❛♥❞ ❝♦♥✈♦❧✉t✐♦♥ ❛rt✐❢❛❝ts ♣r❡✈❡♥t ❛ r✐❣♦r♦✉s ♠❡❛s✉r❡♠❡♥t ♦❢ s❛♠♣❧❡ ♣r♦♣❡rt✐❡s ✭❡s♣❡❝✐❛❧❧②
❝♦♥❝❡r♥✐♥❣ ♣♦t❡♥t✐❛❧✮✱ ❣r❛✐♥s ❢♦r♠❡❞ ❛❢t❡r ❛♥♥❡❛❧✐♥❣ ❛r❡ ❝❤❡♠✐❝❛❧❧② ❤♦♠♦❣❡♥❡♦✉s ❛♥❞ t❤❡
♠❛✐♥ ❝❤❡♠✐❝❛❧ ❞✐✛❡r❡♥❝❡ ♦♥ s❛♠♣❧❡ s✉r❢❛❝❡ ✐s ❜❡t✇❡❡♥ t❤❡ ❛❣❣r❡❣❛t❡s ❛♥❞ t❤❡ s✉❜str❛t❡✳
◆❡✈❡rt❤❡❧❡ss✱ ❛s s❤♦✇♥ ❜② t❤❡ ♠❛❥♦r✐t② ♦❢ t❤❡ ❛❝q✉✐r❡❞ ♠❛♣s ❧✐❦❡ t❤❡ ♦♥❡ ✐♥ ✜❣✉r❡ ❇✳✷❝✱
❛❧❧ t❤❡ ❣r❛✐♥s ❡♠❡r❣✐♥❣ ♦♥ t❤❡ s✉r❢❛❝❡ ❤❛✈❡ r♦✉❣❤❧② t❤❡ s❛♠❡ ❛❞❤❡s✐♦♥ ♣r♦♣❡rt✐❡s ❛s t❤❡
s✉❜str❛t❡✱ s♦ t❤❛t ♥♦ ✐♥❢♦r♠❛t✐♦♥ ✐♥ s✉♣♣♦rt ♦❢ ♦①✐❞❡ ❝r②st❛❧❧✐③❛t✐♦♥ ✭❛s ♣r❡s❡♥t❡❞ ✐♥
r❡❢✳ ❬✻❪✮ ❝♦✉❧❞ ❜❡ ❡①tr❛❝t❡❞✳ ■♥ ❛♥② ❝❛s❡✱ t❤✐s ✐s ♥♦t ❛ ❝♦♥❝❧✉s✐✈❡ ✐♥t❡r♣r❡t❛t✐♦♥✱ s✐♥❝❡
❞✐✛❡r❡♥t ▼♦❖x st♦✐❝❤✐♦♠❡tr✐❡s ❞♦ ♥♦t ♥❡❝❡ss❛r✐❧② ❡①❤✐❜✐t ❞✐✛❡r❡♥t ❛❞❤❡s✐♦♥ ♣r♦♣❡rt✐❡s ✲
✇❤✐❝❤ ❛r❡ s✐❣♥✐✜❝❛♥t❧② ❧✐♥❦❡❞ t♦ ❛❞s♦r❜❛t❡ ♣r❡s❡♥❝❡ ❞✉❡ t♦ t♦♣♦❣r❛♣❤② ✲ ❛♥❞ s✐♥❝❡ t❤❡
r❡❛❧ ❤✐❣❤❧②✲❝r②st❛❧❧✐♥❡ ✬s✉❜str❛t❡✬ ♠❛② ♥♦t ❜❡ ❞✐r❡❝t❧② ✐❞❡♥t✐✜❡❞ ✇✐t❤ t❤❡ ❧♦✇❡st r❡❣✐♦♥s
✐♥ s✉r❢❛❝❡ t♦♣♦❣r❛♣❤②✳ ▼♦r❡♦✈❡r✱ t❤❡ ❝❛r❜♦♥ ❝♦♥t❛♠✐♥❛t✐♦♥ ❛♥❞ t❤❡ ♣r❡s❡♥❝❡ ♦❢ ♠♦✐st✉r❡
❛✛❡❝t✐♥❣ ❑P❋▼ ♦♥ ❛✐r s❤♦✉❧❞ ❜❡ t❛❦❡♥ ✐♥t♦ ❛❝❝♦✉♥t✳
■t ✐s ✐♠♣♦rt❛♥t t♦ ✉♥❞❡r❧✐♥❡ t❤❛t✱ ❡✈❡♥ ✐❢ ♠❛♣♣✐♥❣ ❛❞❤❡s✐♦♥ ❢♦r❝❡ ❛❧❧♦✇s t♦ ✐♥✈❡st✐❣❛t❡
❝❤❡♠✐❝❛❧ ♣r♦♣❡rt✐❡s ♦♥ t❤❡ s✉r❢❛❝❡ ✇✐t❤ ❛ ❣♦♦❞ r❡s♦❧✉t✐♦♥✱ ♦♥❧② q✉❛❧✐t❛t✐✈❡ ✐♥❢♦r♠❛t✐♦♥
❝❛♥ ❜❡ ❡①tr❛❝t❡❞ ❢r♦♠ t❤❡s❡ ✐♠❛❣❡s✱ s♦ t❤❛t ♦t❤❡r ❝♦♠♣❧❡♠❡♥t❛r② t❡❝❤♥✐q✉❡s ❛s ❳P❙
❛♥❞ ❳P❊❊▼ ❛r❡ ❢✉♥❞❛♠❡♥t❛❧ ✐♥ ♦r❞❡r t♦ ✉♥❞❡rst❛♥❞ ✇❤✐❝❤ ❝♦♠♣♦✉♥❞s ❛♥❞ ❝r②st❛❧❧✐♥❡
♣❤❛s❡s t❤❡ s❛♠♣❧❡ ✐s ♠❛❞❡ ♦❢ ❛♥❞ ❤♦✇ t❤❡② ❡✈♦❧✈❡ ❞✉r✐♥❣ ❛♥♥❡❛❧✐♥❣✳
❈❤❛♣t❡r ❇✳ ❇♦✉♥❞❛r② ❡✛❡❝ts ❛♥❞ ❛❞❤❡s✐♦♥ ♣r♦♣❡rt✐❡s ✐♥ ❑P❋▼ ♠❛♣s ✽✶
✭❛✮ ❈♦❧♦r s❝❛❧❡ ❢r♦♠ ✲✸✷✳✵ ♥♠
✭❜❧❛❝❦✮ t♦ ✸✻✳✺ ♥♠ ✭✇❤✐t❡✮✳
✭❜✮ ❈♦❧♦r s❝❛❧❡ ❢r♦♠ ✲✷✷✺✳✽ ♠❱
✭❜❧❛❝❦✮ t♦ ✲✷✵✻✳✸ ♠❱ ✭✇❤✐t❡✮✳
✭❝✮ ❈♦❧♦r s❝❛❧❡ ❢r♦♠ ✶✺✳✸ ♠❱ ✭❜❧❛❝❦✮
t♦ ✾✵✳✶ ♠❱ ✭✇❤✐t❡✮✳
❋✐❣✉r❡ ❇✳✶✿ ❑P❋▼ ✐♠❛❣❡s ♦❢ ❳P❙✶ ▼♦❖x ♦♥ ❙✐ ❛♥♥❡❛❧❡❞ ❛t ✺✵✵➦❈ ✭s✐③❡✿ ✷ µ♠ × ✷ µ♠✮✿
t♦♣♦❣r❛♣❤② ✭❛✮✱ ♣♦t❡♥t✐❛❧ ✭❜✮ ❛♥❞ ❛❞❤❡s✐♦♥ ✭❝✮ ♠❛♣s✳
✽✷
✭❛✮ ❈♦❧♦r s❝❛❧❡ ❢r♦♠ ✲✻✶ ♥♠ ✭❜❧❛❝❦✮
t♦ ✺✸ ♥♠ ✭✇❤✐t❡✮✳
✭❜✮ ❈♦❧♦r s❝❛❧❡ ❢r♦♠ ✲✶✺✷✳✵ ♠❱
✭❜❧❛❝❦✮ t♦ ✲✶✶✾✳✻ ♠❱ ✭✇❤✐t❡✮✳
✭❝✮ ❈♦❧♦r s❝❛❧❡ ❢r♦♠ ✶ ♠❱ ✭❜❧❛❝❦✮ t♦
✶✺✵ ♠❱ ✭✇❤✐t❡✮✳
❋✐❣✉r❡ ❇✳✷✿ ❑P❋▼ ✐♠❛❣❡s ♦❢ ❳P❙✷ ▼♦❖x ♦♥ ❙✐ ❛♥♥❡❛❧❡❞ ❛t ✺✵✵➦❈ ✭s✐③❡ ✷ µ♠ × ✷ µ♠✮✿
t♦♣♦❣r❛♣❤② ✭❛✮✱ ♣♦t❡♥t✐❛❧ ✭❜✮ ❛♥❞ ❛❞❤❡s✐♦♥ ✭❝✮ ♠❛♣s✳
